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Abstract 
Surface bonded piezoceramic transducers used for structural health monitoring that are 
subjected to high strain loading are at risk of being compromised by damage to the 
attaching bond line or to the piezoceramic sensing element. In consequence, when 
baseline sensor data for a healthy structure is compared to subsequent data obtained from 
damaged sensors, incorrect assessment of the state of the structure may occur.  
This project investigated and developed a novel method of attaching piezoceramic 
transducers to specially prepared thermoset composite surfaces using functional 
thermoplastic surfaces as bond line media with the aim to improve the protection of the 
transducer from the damaging effects of high strain structural loading.  
To evaluate the effectiveness of this new approach, the fatigue performance of 
thermoplastic weld bonded and cyanoacrylate adhesive bonded transducers were 
compared. 
Finite element analysis (FEA) of transducer-bondline-structure models showed that strain 
transfer from the structure to the piezoceramic element reduced as bond layer thickness 
increased or as the bond layer modulus decreased. The simulations indicated that within 
each material layer shear strain changes gradually and the rate of change is different for 
each material type. At dissimilar material interface boundaries shear strain has a common 
value but the change gradient differences within each material mean the interface is a 
likely location for transducer failure. 
For cyanoacrylate and thermoplastic bonding systems the availability of published data 
regarding bond strength is limited. Static tensile testing was undertaken to generate some 
of the bond strength data for different bond layer thicknesses and a range of surface 
roughness. The data showed that tensile bond strength increased with decreasing 
adhesive layer thickness and that for the range of surface roughness tested the relative 
performance of each bond line thickness was similar.  
To further examine the performance of the two different bonding systems, fatigue testing 
was undertaken. The relative performance of each system was compared using 
transducer output voltage and impedance data. Specimens were fabricated by bonding 10 
mm diameter, 1 mm thick silver electroded piezoceramic transducers to appropriately 
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prepared thermoset composite test coupons. Test samples were subjected to sinusoidal 
loading at 5 Hz and maximum strains of 1000 µɛ, and 2000 µɛ or 3000 µɛ.  
For both bond types, sensor voltage output showed an initial period of rapid decrease in 
amplitude before typically settling at an approximate steady state output. The lower 
voltage output from the thermoplastic bonded transducers indicated that the thermoplastic 
bond lines reduced strain transfer between the host structure and the piezoceramic 
sensing element.  
The fatigue test results showed that polyvinylidene fluoride (PVDF) bonded transducers 
experienced a reduced or similar decrease in performance relative to the cyanoacrylate 
bonded transducers for the same number of load cycles and strain range. Impedance 
analysis (IA) metrics showed that the thermoplastic bonded piezoceramic systems 
experienced less damage during high strain cyclic testing. Post-test disassembly of test 
specimens showed that cyanoacrylate bonded transducers had a higher rate of transducer 
fracture.  
This work demonstrates that transducers can be successfully welded to thermoset 
composite structures using PVDF thermoplastic. This bonding system confers improved 
protection of the transducers compared to cyanoacrylate adhesive bonding. 
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Chapter 1  
Introduction 
 
Chapter 1 provides a summary of the motivation for this project including thesis objectives 
and an outline of the remaining chapters contained within this document. The background 
literature discussed in this chapter is to provide the reader with an understanding of the 
evolving need for structural health monitoring (SHM) in the aviation industry. Demand for 
SHM is brought about by changes in new aircraft construction and extension of the 
operating life of existing aircraft. This chapter briefly details: 
 The adoption of composite materials for aircraft construction. 
 Benefits of this material change. 
 Challenges arising from composite use. 
 An overview of SHM. 
 Factors limiting the implementation of SHM.  
Concluding the chapter is an outline of the projects objectives. 
1.1 Project background 
The term composite can be applied to a range of materials used by the aviation 
construction industry. These materials include glass, boron, or carbon fibre reinforced 
polymers (CFRP) used either alone or in combination with other materials. This project 
refers to the use of CFRP even though the application of this research could be applied to 
other composite materials and indeed even isotropic materials such as metals.  
The primary benefits of CFRP composite materials are their high strength to weight ratios 
and high fatigue and corrosion resistance properties ((Herszberg et al., 2008), p43) 
compared to the metallic materials traditionally used in aircraft construction. 
Composite material use for aircraft construction creates economic and technological 
benefits and penalties for aircraft constructors and operators. Comparatively it is more 
expensive to manufacture aircraft from composite materials than traditional metals 
(Monnier (2006), p411). The high manufacturing cost is initially borne by the constructor 
before being on sold to the aircraft operator in the form of benefits such as reduction of 
“aircrafts overall fatigue and corrosion maintenance tasks by up to 60%” and “improvement 
in economic efficiency”, the result of lower weight (Airbus, 2014a). These benefits are 
realised over the lifetime of the aircraft. 
From the manufacturers perspective, it has been identified that there is a need to drive 
composite component costs down to where it is more competitive with metals ((Pora, 
2001), p10).  
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The high upfront cost for new aircraft limits the ability of operators to purchase these. This 
has a flow on effect, in that it imposes economic pressure on aircraft operators to lengthen 
the service life of existing (predominantly metal) aircraft. Compared to new aircraft, old 
aircraft tend to have a lower operational efficiency, and once these aircraft become 
classified as aged they require more frequent and more extensive maintenance 
inspections to maintain safety and reliability.  
For operators it is important economically to reduce maintenance costs and downtime for 
new and aged aircraft alike. Therefore the industry is looking for ways to reduce 
operational costs, one way to achieve this is to automate the maintenance inspection 
processes ((Brand and Boller, 1999), p17-1).  
Visual inspection remains the most widespread method of non-destructive evaluation 
(NDE) of in service aircraft, many NDE methods require immobilization of the aircraft and 
subsequent loss of trading time ((Monnier, 2006), p411). “With existing aircraft, the 
benefits gained from SHM have to be within the frame of automating the inspection 
process. Inspection automation is however only beneficial if it shortens the time of 
inspection and enhances the availability of the asset” ((Kapoor et al., 2008), p52).  
Current aircraft design guidelines and standards do not allow for known delamination 
cracks to exist in composite structures. Additionally “composite structures are susceptible 
to in service impact damage, which may lead to serious degradation of their structural 
integrity” ((Herszberg et al., 2008), p44). “As a result, such structures are overdesigned to 
cater for such damage and they are subject to costly inspection and maintenance regimes” 
((Herszberg et al., 2008), p44). Defining the critical damage threshold and predicting the 
remaining life of a composite structure is difficult. The structures are designed with a large 
safety margin to tolerate a certain size of undetectable damage ((Giurgiutiu, 2011), p4). 
Ogisu et al. (2006a) (p156) states that “only approximately 25% of the characteristic 
compressive strength of composites is used for aircraft design”. Despite the improved 
material properties, composite aircraft structures are still required to undergo frequent 
scheduled maintenance inspections. Thus at present the aviation industry is not able to 
realise the full potential economic benefit of composite materials. 
To prevent in service potentially catastrophic composite failure from occurring regular 
structural inspections are required using non-destructive testing (NDT) techniques. The 
largest cost component of aircraft maintenance is NDT, this is time consuming and difficult 
to perform on hard to access regions of the aircraft structure. A solution to this problem is 
presented by SHM. Permanently place devices capable of performing NDT functions into 
the aircraft structure and use these devices to interrogate it. The information generated 
then used to help form an assessment of the structures condition upon which maintenance 
decisions can be made. 
“If monitoring the onset and growth of damage in a composite material is possible by the 
deployment of the damage monitoring system, the reliability of composite materials will 
improve considerably” ((Ogisu et al., 2006a), p156). 
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“SHM systems will be required to monitor very large numbers of sensors, to use the 
information deduced from the sensor data, to diagnose damaging situations and 
consequent damage, to form a prognosis of the future safety and functionality of the 
structure, and to initiate and monitor mitigation and repair procedures as required” 
((Hoschke et al., 2008), p52). 
SHM has the potential to provide continuous and consistent monitoring of structural 
integrity whilst the structure is in service. If such a system can be successfully 
implemented, structure maintenance costs would be reduced and reliability and safety 
improved ((Qing et al., 2006b), p807). An estimate of the potential savings is that 
maintenance downtime could be reduced by a factor of six if SHM technologies were 
implemented ((Kapoor et al., 2008), p58). 
Furthermore the implementation of a SHM system would allow the industry to use a “safe 
life” design philosophy, reducing the amount of extra material currently designed into 
composite aircraft structures “due to the requirement for safe operation with undetected 
damage” ((Herszberg et al., 2007), p3). This would produce a reduction in overall weight 
and improvements in fuel efficiency. 
1.1.1 Historical overview 
During the period from the late 1960’s to the early 1970’s there were a number of United 
State Air Force (USAF) aircraft failures which were attributed to structural defects. “These 
failures were often caused by imperfections, flaws, defects, or discrepancies, which were 
either inherent in the material or introduced during manufacturing and assembly of the 
structure” ((Rudd, 1984), p134). Aircraft were designed using a fatigue design principle 
which assumed that a structures “safe life” fatigue analysis could be estimated using mean 
life predictions and a fourfold scatter factor to account for quality, environmental, and 
material variations. Problems with this approach arose because the method did not 
adequately capture the effect of flaws and their growth ((Chang and Rudd, 1984), p1). 
The result of these failures was that the USAF abandoned the “safe life” design philosophy 
and adopted a “damage tolerant” design principle. “The damage tolerant philosophy 
assumes that flaws are initially present in the structure. The structure is designed (using 
either a failsafe or slow crack propagation approach ((Boller and Buderath, 2007), p565) 
so that the flaws do not grow to a critical size and cause catastrophic failure within a 
specified period of time” ((Rudd, 1984), p134).  
“Damage tolerant design compensates for the loss of strength due to existence of certain 
undetectable cracks by basing designs on initial flaw sizes, probability of detection, and 
rate of growth under the load limits” ((Leung et al., 2008), p59). “Loads not being carried 
by the cracked area needs to be covered by multiple load paths, higher allowances (i.e. for 
corrosion and manufacturing defects), as well as increased factors of safety” ((Leung et 
al., 2008), p60). 
Therefore a structure designed using the “damage tolerant” philosophy is heavier than a 
“safe life” design.   
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1.1.1.1 Evolution of aircraft construction 
The first aircraft were constructed as wire braced wooden frames covered with fabric. This 
style of design continued for many years until the middle of the 1930’s, whereupon steel 
started to be used for main fuselage members before eventually being used extensively 
throughout the aircraft structure ((Cutler and Liber, 2005), p4). Continued material 
development resulted in aluminium and other non-ferrous alloys replacing steel as the 
material of choice for aircraft construction ((Barrington and Black, 2001) , p8).  
Further material advances resulted in some of the first uses in commercial aviation of 
composite materials during the 1970’s as non-structural components. Airbus for example 
used it for the fabrication of aircraft fairings and radomes (Figure 1.1). From this initial 
beginning composite material usage has increased. Today composite materials are 
replacing aluminium and titanium as the main aircraft construction material ((Cutler and 
Liber, 2005), p100). The material is being used for structural and non-structural 
applications which include the fabrication of primary load bearing structures such as wing 
boxes, fuselage, and wings ((Pora, 2001), p5).  
 
Figure 1.1. Composite material use in commercial aircraft (Source: Pora2001, p5). 
 
Composite use continues to grow and is expected to continue ((Ogisu et al., 2006a), 
p154). It is forecast that more than 50% (Airbus, 2014b) of the new Airbus A350 aircraft 
will be constructed from composite materials.  
Composite materials are favoured because of their low weight, high strength and stiffness 
and superior fatigue and corrosion properties compared to metals ((Giurgiutiu, 2011), p1). 
Composites are especially suited to aircraft construction where “the design of aircraft 
structural components is performed from the point of view of strength, durability, fatigue, 
damage tolerance and weight” ((Kotousov et al., 2012), p518). 
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1.1.1.2 Fatigue in composites 
All structures are assumed to contain flaws either “inherent in the material or induced 
during manufacturing” ((ASM International, 2001), p296). For metallic structures these 
flaws are assumed to be cracks which exhibit stable growth promoted by the large number 
of low stress cycles that the structure is subjected to during its service life ((ASM 
International, 2001), p296). In metals, once a critical crack size is achieved “growth of 
damage is typically abrupt” ((Jones, 1999), p333).     
By comparison composite materials have much better fatigue characteristics than 
conventional metals ((Jones, 1999), p333). “Composite structures typically lose stiffness 
gradually and significantly over their lifetime” ((Jones, 1999), p333). Frequent low level 
loadings, the cause of fatigue crack growth in metals is considered to be relatively benign 
in composites ((ASM International, 2001), p296). Significant damage or damage growth in 
composites is caused by the high level loads only ((ASM International, 2001), p296).  
The accumulation of fatigue damage in composites produces failure through the “statistical 
accumulation of defects which eventually interact to create a critical condition” ((Peters, 
1998), p796). Jones (1999), (p333) specifies five damage stages through which a 
composite structure will typically progress during the fatiguing process: 
1. Matrix cracking and fibre debonding. 
2. Crack coupling, interfacial debonding, and fibre breaking. 
3. Delamination and fibre breaking. 
4. Delamination growth and localised fibre breaking. 
5. Fracture. 
Predicting the fracture behaviour of composite materials is difficult ((Ogisu et al., 2006b), 
p220). Jones (1999), (p345) goes further stating that “predicting the effect of these many 
different types of damage is very difficult, if not impossible.” As a result the goal of 
maintenance programs is to monitor and track damage accumulation so that the inherent 
damage does not create a safety risk for the duration of the components life.  
With current NDT methods (originally developed for damage detection in metals), it is 
difficult to detect certain types of composite damage such as fibre and matrix fracture 
((Boller, 1996), p4-3) or barely visible impact damage (BVID) ((Giurgiutiu, 2011), p4). BVID 
is caused by low velocity impacts that leave little indication of having occurred, finding this 
type of damage is very challenging ((Giurgiutiu, 2011), p1). Low velocity impacts can 
produce significant matrix damage, which can have minimal effect on the in-plane tension 
carrying capacity of a composite but can significantly weaken it in compression loading 
because the matrix is no longer able to adequately stabilise the fibres ((ASM International, 
2001),  p296).  
Because of the complexity of the mechanisms involved and their interactions a large 
amount of data scatter in remaining life occurs for a given strain spectrum. The 
compression loading of an impact damaged composite can produce sudden catastrophic 
failure by delamination, or alternately failure may occur after many additional load cycles.  
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1.1.2 Aircraft maintenance 
The underlying goal of maintenance is to prevent the catastrophic failure of a critical 
component or the structure during use. This is achieved by replacing components or 
repairing damage before flaws reach a critical stage of development. Typically, regular 
inspection of structural components is undertaken at scheduled maintenance intervals 
which are defined by predicted damage growth rates based on atypical use patterns. In the 
case of a component or structure being subjected to an abnormal use event an 
unscheduled maintenance inspection is implemented. 
Scheduled maintenance is based upon aircraft flight hours or upon a calendar inspection 
system ((FAA, 2008), p1). In either case “monitoring is done at prescribed intervals which 
are defined by the weakest links in the aircraft system” ((Boller and Buderath, 2007), 
p575). Maintenance includes regular structural inspections to monitor for accidental, 
fatigue, and environmental damage ((Kapoor et al., 2008), p52).  
Unscheduled (non-routine) maintenance is maintenance that is performed outside of the 
scheduled maintenance period. This occurs when the aircraft experiences irregularities 
such as malfunctions, exposure to abnormal flight operations, or other discrepancies. It is 
expected that maintenance operations will detect defects early to “guarantee acceptable 
safety levels until the next scheduled maintenance” ((Sbarufatti et al., 2013), p2).  
As a result of these processes “mechanical failures have been reduced in frequency by 
high maintenance standards” ((Welch, 1990), p28). For example the USAF has only “one 
aircraft loss due to structural failure in more than ten million flight hours” ((Noor, 2000), 
p108).  
However there are high economic costs associated with achieving these levels of 
reliability. For commercial aircraft it is estimated that maintenance costs are 23% 
((Barrington and Black, 2001), p8) of the aircrafts total lifecycle cost. The figure for military 
aircraft is estimated to be 26% to 27% ((Barrington and Black, 2001), p98), ((Kudva et al., 
1999), p109). A substantial portion of this cost are the visual and NDT inspections ((Brand 
and Boller, 1999), p17-4), of which the majority is related to “dismantling and reassembling 
the aircraft structure to get access to components” ((Boller and Buderath, 2007), p575).  
1.1.2.1 Ageing aircraft maintenance 
Another issue faced by the aviation industry which is driving the need for SHM is that 
worldwide the number of aged aircraft is increasing ((Brand and Boller, 1999), p17-1), 
((Noor, 2000), p93).  
Ageing aircraft may contain multi-site fatigue damage, hidden cracks, and corrosion 
((Giurgiutiu et al., 2002), p41). Noor (2000), (p93) defines an ageing aircraft as one where 
corrosion and fatigue cracking require the original manufacturers’ maintenance program to 
be modified to retain adequate structural integrity. “Once aircraft reach a defined age, 
traditional maintenance inspection regimes are no longer suitable and more frequent and 
more detailed inspections are required” ((Boller and Buderath, 2007), p573). Maintenance 
is continued until an aircraft is retired when it becomes either technologically obsolete or 
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uneconomical to operate and maintain ((Vodicka and Galea, 1998), p1), ((Noor, 2000), 
p93).  
1.1.3 Bonded patch repairs 
The desire to keep aircraft operating for as long as economically possible has resulted in 
the development of a secondary application for composite materials, the repair of aged 
aircraft using bonded patches ((Noor, 2000), p134), (Baker, 2008), (Chapuis et al., 2008), 
(Benyahia et al., 2014). 
Composite bonded repairs provide better structural integrity and are easier to install than 
metal repairs and conform more easily to complex shapes ((Benyahia et al., 2014), p435). 
However a problem with bonded repairs is the difficulty in assessing their strength ((Noor, 
2000), p134). “In response to concerns with the inability to predict the long term integrity of 
adhesive bonds, severe limitations are imposed on the certification of bonded composite 
repairs to flight safety structure” ((Baker et al., 2009), p1340). This requirement limits the 
application of composite bonded patches “to non-primary structures due to the lack of 
methodology for monitoring the damaged state of the repaired structure” ((Chapuis et al., 
2008), p666).  
Non-destructive inspection (NDI) techniques are required to monitor the integrity of the 
patch adhesive bond and the underlying original damage. These “can only be applied at 
prescribed intervals when the aircraft is scheduled for servicing” ((Baker et al., 2009), 
p1341). “SHM offers an alternative approach in which the health or integrity of the patch 
system is autonomously monitored, possibly on a continuous basis” ((Baker et al., 2009), 
p1341). This would dispense with the need to alter maintenance schedules to allow for 
regular monitoring of the patch integrity. 
1.1.4 SHM overview 
A SHM system has many components (Figure 1.2). It uses transducers and sensors 
integrated within or on a structure to monitor for changes in structural condition. A basic 
assumption of any damage detection system is that structural damage will alter its 
mechanical response because of changes to stiffness, mass, or damping of the system 
((Sohn, 2006), p539).  
Information furnished by the SHM system can be used to schedule maintenance or even 
to limit aircraft operational parameters to reduce the rate of further damage growth to an 
acceptable level. “The aim of the technology is not simply to detect structural failure, but 
also provide an early indication of physical damage. The early warning provided by an 
SHM system can then be used to define remedial strategies before the structural damage 
leads to failure” ((Qing et al., 2006b), p807). 
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Figure 1.2. Integrated SHM system (Source: Herszberg, 2007, p6) 
 
The main influences creating demand for the development and implementation of in situ 
SHM system in aircraft are: 
a) The aircraft manufacturing industry which want to improve the economics and 
performance of new aircraft. This can be achieved by improving design efficiency 
(less material use and reduced weight) ((Aoki et al., 2006), p1109) and increasing 
manufacturing efficiency (automated fabrication of larger parts) ((Pora, 2001), p9). 
b) Aircraft operators seeking to reduce the costs associated with aircraft maintenance 
by automating inspection processes ((Brand and Boller, 1999), p17-1).  
c) The need for techniques capable of dealing with difficult non-destructive inspection 
problems in composite structures. 
The fundamental design of a SHM system pursues either a global approach or a local 
approach philosophy. The global approach provides a low resolution assessment of a 
structures condition, for example generating an estimate of overall structural stiffness 
change caused by a loose fastener or a crack. The local approach on the other hand is 
capable of providing a much more detailed analysis, generating information on defect 
location and type via  transmitted elastic wave – defect  interactions ((Gandhi and 
Thompson, 1992), p44).  
A number of sensor types are being developed for SHM use, some of which utilise smart 
materials in their construction. A “smart material generally designates a material that 
changes one or more of its properties in response to an external stimulus” ((Harrison and 
Ounaies, 2002), p474) an example of such a material is the piezoelectric ceramic Lead 
Zirconate Titanate (PZT). ”Piezoelectric materials are the most widely used smart material 
because of their wide bandwidth, fast electromechanical response, and relatively low 
power requirements” ((Harrison and Ounaies, 2002), p474). Piezoelectric transducers 
have the ability to convert a mechanical input into an electrical output signal and an 
electrical input signal into a mechanical output, thus enabling these to be used to extract 
information about the condition of a structure.  
Piezoelectric materials can be used to construct active SHM systems which have the 
“ability to perform on-demand interrogation of a structure while the structure is still in 
service” ((Giurgiutiu, 2011), p1). This type of system allows a distributed network of 
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relatively few transducers to interrogate a large area of the host structure (far field sensing) 
utilising elastic wave propagation (EWP). Alternatively the electro mechanical impedance 
(EMI) method can be used to extract information about the sensor network or the 
immediate area around the transducer (near field sensing).  
Irrespective of whether EWP or EMI is used, measurements are first performed on the 
pristine structure to establish a baseline against which subsequent measurement data are 
compared ((Qing et al., 2006a), p624). With EWP for example when damage develops it 
interacts with the transmitted (incident) waves (Figure 1.3), this alters the wave received at 
the sensor, for example changing its shape, phase, amplitude (Figure 1.4), time of arrival 
or impedance spectrum ((Overly et al., 2009), p1415).  
 
Figure 1.3. Principle of elastic wave damage detection 
(adapted from: ((Ng et al., 2009), p2) 
 
Figure 1.4. Debonding signal in composite laminate 
(Source: ((An et al., 2012), p600) 
 
1.1.5 Benefits of SHM 
“SHM has the potential to deliver significant operation benefits to service providers and 
end users” ((Shark et al., 2008), p108). Real time accurate structural monitoring for the 
purpose of assessing structural damage is seen by the aviation industry to provide the 
following potential benefits: 
a. Reduction of maintenance costs (new and aged aircraft). 
i. Reduction of inspection cost ((Brand and Boller, 1999), p17-7).  
ii. Elimination of unnecessary disassembly and reassembly of structures for 
inspection of potential damage to difficult to access interior components 
((Leung et al., 2008), p60). 
iii. Reduction in mandatory part replacement. 
iv. Reduction of operational downtime ((Kapoor et al., 2008), p58), ((Shark et 
al., 2008), p108). 
b. Reduction of production costs (materials volume and manufacturing time).  
i. Improved design efficiencies through less conservative designs. 
ii. Fabrication of larger components with inbuilt sensing and subsequent 
reduction in number of components. 
c. Improved fuel efficiency through design optimised weight savings. 
d. Elimination of manual inspection errors.  
e. Identification of difficult to detect damage that is most common in composite 
materials such as BVID, delamination, and debonding (Stepinski et al., 2013). 
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As stated by Lee et al. (2003), (p147) “Most conventional damage assessment and non-
destructive inspection methods are difficult to implement on the hard to reach parts of the 
complex structure of an aircraft. For this reason built-in assessment systems are 
necessary to monitor constantly the structural integrity of critical components.” SHM would 
also capture unexpected damage occurrences. 
The unsuccessful implementation of the “safe life” fatigue principle initially used for aircraft 
design by the USAF was caused by the inability to characterise the inherent structural 
flaws and to successfully monitor their growth. The implementation of reliable SHM 
systems could allow the aviation industry to shift to a “safe life” design philosophy. 
“With increased inspection opportunities gained with SHM, additional damage 
characteristics could be incorporated into the aircraft design stage increasing allowable 
design stresses on components resulting in a reduction in weight. Alternatively the 
increased information gained could provide for an extension in the inspection interval” 
((Kapoor et al., 2008), p51) or enable a condition based maintenance ideology to be 
implemented. 
1.1.6 Reason for lack of SHM 
The widespread adoption of SHM in aircraft is being limited by the availability of suitable 
sensors, sensor health diagnostics and an understanding of the effects that operating 
conditions have on sensor structure interaction, “structure environmental and operating 
conditions can often mask structural changes caused by damage” ((Sohn, 2006), p540). 
An assessment of the technology development needed to implement a SHM system was 
provided by Marantidis et al. (1993), (p974) and Kudva et al. (1996), (p9-4). Their 
assessments were similar; that all the necessary technologies required further 
development. Included in the most underdeveloped fields were sensors and sensor 
integration. Herszberg et al. (2008), (p43) concluded that “considerable further 
development (of SHM systems) was required before they could be considered for 
application to SHM of complex composite aircraft structures”  
More recently at the 9th International workshop on Structural Health Monitoring held in 
2011, the technology readiness level (TRL) of SHM technology and systems was 
assessed as peaking at level 4 (Integration level showing systems function in lab tests) 
with some technologies at level 7 (Demonstration of complete system prototype in 
operating environment) ((Roach, 2011), p27). This assessment by Roach of the stage of 
development is confirmed by publications of results of demonstrator panel and flight 
demonstrator projects for specific SHM systems. Publication of successful tests have 
occurred for Comparative Vacuum Monitoring (CVM) (Sbarufatti et al., 2013), Fibre Bragg 
gratings (FBG), (Read and Foote, 2001), (Lee et al., 2003), (Read et al., 2008) and PZT 
transducer based sensor systems (Read et al., 2008), (Purekar et al., 2009). 
The general lack of implementation of in situ SHM monitoring is because most of the 
necessary technologies are not yet mature enough for implementation into operational 
aircraft. The exceptions are Health and Usage Monitoring Systems (HUMS) in rotorcraft  
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(Boller and Buderath, 2007), (Purekar et al., 2009) and CVM (used for metallic structures) 
((Ogisu et al., 2006a), p154). 
For SHM to be implemented the risks associated with each SHM component must be 
overcome, “including hardware reliability, integration costs, processing feasibility, user 
acceptance, and regulatory compliance” ((Goggin et al., 2003), p37). 
The implementation of sensors requires that the transducer must be able to survive as 
long as the structure is in service. Ang et al. (2010), (p762) indicates that sensors bonded 
to military aircraft will need to be functional for the design life of the airframe which is over 
30,000 flight hours (15 to 20 years). This lifetime length is also indicated by Rajic (2010), 
(p1). 
1.2 Project aims 
The aim of the project is to develop a technique to surface attach PZT discs to specially 
prepared CFRP substrates using functional polyvinylidene fluoride (PVDF) film and 
determine whether this method of attachment can provide improved fatigue performance 
and larger strain range tolerance compared to cyanoacrylate adhesive bonding. 
1.3 Thesis objectives 
This thesis investigates the novel method of welding PZT transducers to the surface of 
carbon fibre composite components using a PVDF thermoplastic. To benchmark this new 
bonding method the performance of the thermoplastic bond is compared to conventional 
adhesive attachment. 
To realise this, the completion of the following objectives is required:  
1. The development of apparatus, tools, and methods to achieve a high level of 
transducer attachment consistency and reliability. 
2. The development of a multi-channel, multi-device data logging system to monitor 
transducer performance during comparative fatigue testing.  
3. The measurement of adhesive bond strength data for different surface treatment 
and adhesive combinations. 
4. Comparatively test this novel thermoplastic bonding system. 
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1.4 Chapter outlines 
This thesis is divided into 7 chapters and 1 appendix. This section summarises the content 
of each chapter to provide the reader with an outline of the complete report. 
Chapters 1 and 2 present an overview of the project background. 
Chapter 1 describes the changes to the types of materials used within the aviation industry 
and how the use of composite materials in new aircraft construction and the increase in 
the number of operating aged aircraft is creating a demand for SHM technologies. The 
potential benefits of using SHM systems and the stage of system development are briefly 
discussed as are the reasons that SHM has not yet been widely implemented. 
A more detailed analysis of the factors limiting to the implementation of SHM systems 
using PZT transducers is presented in chapter 2. The operating environment of a typical 
aircraft is discussed to show the conditions that transducers must tolerate if they are to 
become successfully implemented. The effect of sensor failure on structure health 
diagnosis is covered to highlight the importance of preventing specific types of sensor 
degradation. The causes and underlying mechanisms of PZT transducer degradation are 
discussed with possible mitigation mechanisms. The chapter concludes with an outline of 
the solution investigated in this thesis. 
The project methodology is formed by chapters 3, 4, and 5, these are: 
 Chapter 3 Materials and Sample Preparation. 
 Chapter 4 Finite Element Analysis (FEA) Simulation. 
 Chapter 5 Experiments. 
The chapters provide, respectively, detail on the physical properties of the materials used, 
sample preparation processes; FEA model descriptions, study parameters and key 
assumptions, and experimental methods, verification processes, repeatability studies and 
fatigue studies.  
Results are presented in chapter 6 for experiments and for FEA simulations where also 
damage metrics, raw data extraction and the data conversion processes are introduced. 
The FEA data is used to aid explanation of the experimental results. Observational data is 
introduced to further support interpretation of results. 
The thesis concludes with chapter 7. Here the conclusions from this project are made and 
recommendations are made to guide future research work in the areas identified during 
this work as important but outside the scope of this project.  
Contained in the appendix is detailed information about the design, assembly and 
operation of apparatus used during sample preparation and testing. Also included are 
details on sample preparation and sample testing methodology, wiring schematics, and 
parameter settings.  
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Chapter 2  
Literature Review 
 
Chapter 1 presented an overview of the need for SHM systems and the benefits that can 
be derived from implementing such systems.  
This chapter investigates in more detail the environment in which SHM systems must 
operate and how this affects the functionality and longevity of sensors. During this 
discussion the following topics will be examined:  
 Benefits of using PZT based transducers compared to other sensor types.  
 Signal transmission. 
 Signal degradation. 
 How degradation affects interpretation of signals. 
 PZT and bondline degradation mechanisms. 
 Strain mitigation strategies. 
 Alternate attachment methods. 
The chapter concludes with the hypothesis and proposed solution which forms the basis of 
this thesis project.  
2.1 SHM transducers 
The diagnosis of structural damage “relies on a comparison between two different states of 
the system, one of which is assumed to represent the initial and often undamaged state” 
((Doebling et al., 1998), p91). A fundamental assumption made within the diagnostic 
system is that the SHM system components and their interfaces with the structure have 
not changed. And that therefore any change to the signal is reflective of changes in the 
condition of the structure itself ((Park et al., 1999), p250). 
The implementation of an aircraft SHM system will require a range of sensor and 
transducer types, the choice of which is dependent upon the structures operating 
conditions and the type of information to be collected. Each type has its own “advantages 
and drawbacks” ((Guzman et al., 2013), p2) such as limitations on what information it can 
provide, how it needs to be implemented and what environmental conditions it can 
tolerate.  
A sensor can only respond to a change in physical properties, it cannot be used to directly 
induce a physical change. But a transducer is able to both sense (by converting a variation 
of a physical quantity into an electrical signal) and transmit (by converting an electrical 
input signal into a variation of a physical quantity). PZT is a material that can be used to 
sense just as a true sensor does with the added capability of an actuator (transmitter).  
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Transducers are sometimes referred to as active sensors, these for example can be used 
to create active systems that “utilise arrays of piezoelectric active sensors bonded to a 
structure for both transmitting and receiving ultrasonic waves in order to achieve damage 
detection” ((Giurgiutiu, 2011), p1). 
Sensors are categorised into local and distributed sensing ((Sbarufatti et al., 2013), p3) 
and active and passive sensor types. PZT transducers fall into the active distributed 
category. As such these transducers can be deployed in grid like networks that allow large 
areas of a structure to be monitored using relatively few sensors by applying acoustic 
emission, modal analysis and acousto-ultrasonic techniques. These techniques have been 
identified as the most suitable for in-situ structural health monitoring ((Boller, 1996), p4-10) 
and are favoured because they are able to locate and characterise damage type and 
severity including BVID, delamination, and fatigue cracks ((Boller, 1996), p4-4).  
Summaries of various NDT techniques can be found in (Balageas et al., 2000), ((Boller 
and Staszewski, 2004), p60), (Brunner et al., 2004), and sensors can be found in ((Boller, 
1996), p4-4). 
2.1.1 Piezoelectric transducers 
The piezopolymer PVDF and the piezoceramic PZT are readily available piezoelectric 
materials ((Gandhi and Thompson, 1992), p179) that have been extensively studied for 
use in SHM applications.   
Of the two types of material, PZT is preferred because it has a high coupling coefficient 
between electrical and mechanical properties ((Deluca et al., 2005), p31), it is a better 
actuator (transmitter) compared to PVDF ((Staszewski et al., 2004), p142). PVDF film is 
not a good actuator ((Gandhi and Thompson, 1992), p183) because of its low 
effectiveness, low modulus (low stiffness), and low Curie temperature ((Crawley and De 
Luis, 1987), p1381). It is however a good sensor material ((Gandhi and Thompson, 1992), 
p183) and it is less likely to influence the host structure dynamics (Sirohi and Chopra 
(2000b), p248). Because PVDF sensors are quite thin and have a low modulus the shear 
lag effect is almost negligible ((Sirohi and Chopra, 2000b), p252). 
Temperature can depolarize piezoceramics through its effect on domain wall motion. This 
does not occur unless the threshold stress at which domain switching is triggered is 
reached, experiments indicate that this threshold is exponentially linked to temperature 
((Zhang and Gao, 2004), p360). PZT is able to tolerate significantly higher temperatures 
than PVDF without degradation of its piezoelectric properties, for example commercial 
PZT materials typically have Curie temperatures of 150ºC to 350ºC ((Soh et al., 2012), 
p12). A conservative safe working temperature for piezoceramics is less than 50% of the 
Curie temperature ((Morgan, 2009), p4), ((Ferroperm, 2003), (p12) give a recommended 
working range of less than approximately 70% of Curie temperature. The highest reported 
tolerance is 120°C for piezoelectric copolymers of PVDF ((Vodicka and Galea, 1998), p2) 
without loss of piezoelectric properties.  
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To produce monolithic piezoceramics the appropriate proportions of ingredients are mixed, 
pressed and then sintered at high temperature. The resulting isotropic material does not 
display any bulk piezoelectric properties, for this to occur metallic electrodes must be 
formed on the material and it must be subjected to the poling process. 
Piezoelectric materials exhibit linear response at low mechanical stress levels and at low 
electrical fields. Nonlinear behaviour occurs at high values of applied electric field or 
mechanical stress ((Sirohi and Chopra, 2000a), p47) and is attributed to extrinsic effects 
such as non 180º domain wall motion which produces permanent mechanical distortion, 
this is a process which requires a large amount of energy ((Sirohi and Chopra, 2000a), pp. 
48-50). 
Further information specific to piezoelectric ceramics can be found in Jaffe et al. (1971),  
IEEE Standard (1987),  and Ferroperm (2003).  
Because of its good actuating ability PZT transducers are an integral component of an 
active distributed SHM system. PZT transducers have the added benefits of being 
lightweight, cost effective, and requiring low power to operate. These transducer elements 
have been used alone as actuators (transmitters) and receivers (sensors) ((Qing et al., 
2006b), p808), ((Wang and Levin, 2008), p524) or have been used in combination with 
other sensors, for example PVDF receivers ((Hoschke et al., 2008), p56) or with FBG 
receivers ((Fernandez et al., 2006), p324), ((Ogisu et al., 2006b), p153). 
The successful implementation of piezoceramics into SHM is limited by the materials 
brittleness which creates problems when handled (Park and Sohn, 2003), p461) and when 
it is exposed to high strain loading (Sun et al., 1995), p236), ((Staszewski et al., 2004), 
p142), ((Blackshire and Cooney, 2006), p2). “Sensor fracture and subsequent degradation 
of its mechanical and electrical properties are the most common types of sensor/actuator 
failures” ((Park et al., 2006), p1673), ((Overly et al., 2009), p1414).  
2.1.2 Sensor integration 
The implementation of new materials and technologies into aircraft design is done in a way 
that minimises risk to the aircraft. The two methods which are used to integrate 
transducers with structures are embedding within the components and surface attachment 
((Yang et al., 2008), p274). 
Stated by Mall (2002), (p58), “the embedding of any foreign material, such as a 
piezoelectric device (including electrical wiring and connectors), into a laminated 
composite structure creates a discontinuity that not only results in the reduction of material 
area but may also develop the inter-laminar stresses at or near this discontinuity of the 
host composite structure”. Studies have indicated that embedding can affect composite 
structural integrity ((Crawley and De Luis, 1987), p1384), ((Singh and Vizzini, 1993), 
p473). The magnitude of this effect depends upon sensor type and the embedding 
technique used. This is demonstrated by ((Ogisu et al., 2006a), p153) who showed that 
small diameter optical fibres were able to be embedded into CFRP coupons producing no 
degradation in compressive strength. 
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Irrespective of these findings it remains the view that surface mounting of transducers has 
a lower risk associated with it, that it “does not impair the integrity of the structure” 
((Brunner et al., 2009), p1052). This method of attachment is easier and more likely to be 
used to implement the first SHM systems.  
Positive aspects of surface mounting transducers are; “Sensors may be bonded on the 
surface of a structure easily” ((Brand and Boller, 1999), p2), and retrofitted ((Pierce et al., 
1996), p5197) to existing aircraft. Surface mounted sensors can be replaced ((Pierce et 
al., 1996), p5197) if technically feasible. Though if they are located within inaccessible 
locations “limited (if any) scope will be available for the replacement or repair of failed 
transducers” ((Rajic, 2010), p1).  
Negative aspects of surface mounted sensors are that they are relatively unprotected and 
susceptible to damage that may result from maintenance or normal aircraft operation. 
Environmental stresses may result in undesired sensor disbonding ((Blackshire and 
Cooney, 2006), p5), though this effect has also been shown to occur for embedded 
transducers (Paget and Levin, 1999). 
The following statement is relevant to all surface mounted sensors, “surface-mounted FBG 
sensors are used in most current applications because they pose no risk to structural 
integrity and do not require design changes and re-certification of the structure” ((Ang et 
al., 2010), p762). For this reason, only the method of transducer surface attachment will be 
considered herein. 
2.1.3 Surface attachment methods 
The attachment (coupling) of PZT transducers to a surface can be non-permanent (fluid 
coupled ultrasound (i.e. air, gel, water)), ((Brunner et al., 2004), p10), ((Schubert and 
Herrmann, 2012), p3635), semi-permanent ((Bhalla et al., 2002), p492), ((Chetwynd et al., 
2006), p302), or permanent ((Bhalla et al., 2002), p492), ((Paget et al., 2003), p367).  
Semi-permanent attachment of transducers using double sided adhesive tape was 
investigated by Bhalla et al. (2002), (p492) and found to produce poor coupling with the 
host structure. Chetwynd et al. (2006), (p306) found that a thin viscoelastic layer in the 
form of double sided tape to be successful even though it is a softer material than 
conventional epoxy adhesive.  
The effect of sensor re-bonding (which has similarities to semi-permanent bonding) was 
demonstrated by Winston et al. (2001), (p354). This work showed that sensor adhesive re-
bonding variability produced impedance spectral variations of the same order of magnitude 
as those caused by moderate amounts of damage to the host structure.  
The semi-permanent attachment method does have merit. Sensing elements can be 
protected from permanent damage by using a bondline that will fail before the transducer 
itself is damaged. This alone does not alleviate the problems caused by failure of a 
component of the SHM system and the effect of this on the diagnosis of the structure’s 
health. It does however confine the occurrence of damage to one component of the 
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system which simplifies the problem identification and it does provide a strategy on which 
more protective permanent fixation methods can be formed. That is using the bondline to 
protect the transducer, because for long term in situ monitoring applications it is desirable 
that transducers be permanently attached ((Bhalla et al., 2002), p492), ((Schubert and 
Herrmann, 2012), p3635), ((Sbarufatti et al., 2013), p2).  
The permanent attachment of transducers is achieved by using adhesives. Either as part 
of the composite structures initial curing cycle (as occurs with transducer embedding 
techniques) or as a separate secondary bonding operation post structure cure using: 
 Acrylic adhesive ((Leung et al., 2008), p59). 
 Cyanoacrylate adhesive ((Monnier, 2006), p414), ((Park et al., (2006), p1675), 
((Blackshire et al., 2006), p286), ((Overly et al., 2009), p1416), ((Schubert and 
Herrmann, 2012), p3637), ((Ostiguy et al., 2012), p6).  
 Epoxy adhesive ((Bhalla et al., 2002), p492), ((Herszberg et al., 2008), p46), ((Rajic, 
2010), p5).  
It is noted that cyanoacrylate adhesive is utilised in various formulations for the attachment 
of PZT transducers in laboratory testing and is used in the form of M-Bond® 200 for the 
attachment of strain gauges ((Blackshire et al., 2005), p70), ((Vishay, 2011), p1). As an 
adhesive it is considered suitable for short term experiments but will degrade under 
prolonged environmental exposure ((Xu et al., 2010), p636). 
The individual attachment of transducers as performed in the laboratory using these 
adhesives is not a viable process for large scale implementation onto aircraft structures. 
The problems of large scale sensor implementation were identified by Lin and Chang 
(2002), (p920). It is the reason Bhalla et al. (2002), (p492) investigated semi-permanent 
attachment using double sided tape and why Hoschke et al. (2008), (p52) identified that 
system scalability is “of paramount importance for SHM of safety-critical structures just as 
system robustness is”.   
Transducer handling is improved by pre-packaging sensors and transducers and 
connecting wiring (or optical fibres) in between film layers, examples of which can be 
found in Mall and Coleman (1998), (p830), Paget et al. (2000a), (p165), Yang (2005), 
(p316), and Tsoi and Rajic (2009), (p215). Packaging also proves beneficial in insulating 
the electrical connections of piezoelectric transducers and wiring from conductive 
materials such as metals and CFRP. Protective coatings are used for FBG to protect the 
fragile fibre from harsh environments by providing mechanical protection and at the same 
time improving handling ((Wei et al., 2001), p1), ((Li et al., 2010), p343). Ideally sensor 
packaging and mounting “must ensure realistic strain transfer, and not contribute to 
relaxation or creep under load” ((Davis et al., 2013), p2).   
Pre-packaging also addresses the scalability problem this is demonstrated by the Stanford 
Multi-Actuator Receiver Transduction (SMART) layer. This design uses polyimide film 
layers to encapsulate the transducers and connecting wiring. One of these was co-cured 
with CFRP by Lin and Chang (2002), (p919) the adhesive bond being formed by the matrix 
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resin. Surface attachment of this package type with epoxy adhesive has been successfully 
demonstrated by Qing et al. (2006b), Shark et al. (2008), Chung et al. (2009), and 
Sbarufatti et al. (2013).  
2.1.4 Signal transmission 
The basic components forming a SHM system are shown in Figure 2.1 where the 
transducers are bonded to the surface of the host structure. Good coupling between a 
transducer and the structure is required to facilitate good signal transfer. For permanent in 
situ placement of PZT transducers this means that a robust bond is required between the 
transducer and the structure. It is through this bond that strain is transferred from the 
structure to the PZT element. Ideally the bond between a transducer and a structure 
should be perfect and the stiffness of the transducer greater than that of the structure so 
that the transducer can generate large strains in the structure ((Gandhi and Thompson, 
1992), p187).   
To interrogate the structure a signal is produced by the actuator by exciting it with an 
alternating voltage. This causes the PZT element to exert an alternating strain on the 
structure whereby creating low intensity elastic waves (body (bulk) waves or surface 
(guided) waves) which travel through the structure. The waves interact with damage, if 
present, before being detected by the sensing PZT element which converts the wave back 
into an electrical signal. The amplitude, phase, and frequency content of this received 
signal are used to understand the event, location, and the type of damage ((Blackshire et 
al., 2005), p67).  
 
In general detection sensitivity increases as signal frequency increases and detection 
distance decreases ((Croxford et al., 2007), p2). Guided acoustic waves which have 
frequencies in the kilohertz range are recognised as having a good compromise between 
detection sensitivity and detection distance. However once frequencies are in the 
megahertz range the stress waves become attenuated and the formation of proper guided 
waves is prevented ((Croxford et al., 2007), p2). 
“The guided Lamb wave is widely acknowledged as one of the most encouraging tools for 
quantitative identification of damage in composite structures” ((Su, 2006), p753). For thin 
plate like structures Lamb waves have been shown to have a high sensitivity to damage 
 
Figure 2.1. Transmission path (adapted from: Lanza di Scalea 2008, p162) 
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and yet travel long distances “because the waves are guided by structural boundaries” 
((An et al., 2012), p593) even in highly attenuating materials such as CFRP ((Su, 2006), 
p753). 
A number of Lamb wave modes exist these can be selected by altering excitation 
frequency (wavelength based mode tuning) or by changing the angle of strike between the 
transducer and the structure surface ((Kundu, 2007), p35). Strain coupling between the 
transducer and the structure so that in plane strains can be passed from one to the other is 
very efficient at generating and receiving Lamb waves ((Kundu, 2007), p242).  
Some Lamb wave modes are more suited to particular types of structural inspection, for 
example the A0 (anti-symmetric) mode can be selected to scan a laminate surface for 
cracks or corrosion, whilst the S0 (symmetric) mode would be preferred to scan a 
laminates’ thickness for damage ((Su, 2006), p758). An example of the difference in the 
scan result between these two modes for the same structure is shown in Figure 2.3.  
Because signal amplitude, phase and frequency content are used to analyse the received 
signals for indications of damage it is important that the SHM system “behave in a reliable 
and consistent manner” ((Blackshire et al., 2005), p66). It is an underlying assumption of 
SHM that once installed the components of the system, the transducers and the bondlines 
do not change for the duration of the structures life, in reality this is not the case. 
Background noise in the signal from temperature fluctuations, transducer degradation and 
bondline changes within the SHM-structure system can mask changes in the vibration 
signals caused by structure damage ((Sohn, 2006), p539). 
For the simplified model shown in Figure 2.1, assuming the electrical transmission path 
from the signal generator to the actuating transducer is intact and similar for the sensor 
transducer to the diagnostic system, then there are three possibilities which could produce 
changes to the signal between it being transmitted by the signal generator and received by 
the diagnostic system:  
 Change in the host structures condition. 
 Change to the bondline.  
 Change to the transducer properties. 
The effects to these three can be reversible (temporary) for example in the case of 
environmental effects such as structural load changes ((An et al., 2012), p593), 
temperature change or temporary moisture effects such as humidity change. Or the 
changes can be irreversible (permanent) such as that caused by partial or full transducer 
debonding and transducer element damage which for piezoceramics is depoling, fracture 
(micro or macro) or permanent short circuiting. 
The temporary changes have been demonstrated to be manageable by utilising strategies 
such as performing assessments only under similar environmental conditions, sealing the 
structures, encapsulating the transducers, or utilising software compensation methods 
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(Park et al., 1999). Permanent changes to the signal transmission path are undesirable 
regardless of the component in which they occur. The high likelihood of permanent 
damage occurring has prompted research into the development of methods of assessing 
the health of the SHM system itself.  
Sensor failure can be caused by nearby structural impacts fracturing or debonding the 
transducer ((Mulligan et al., 2013), p69), it can be caused by incorrect installation of 
sensors, by imperfect bonding or handling breakages ((Park et al., 2006), p1677).  It is 
noted by ((Overly et al., 2009), p1414) that “sensor and actuator malfunction is a major 
source of failure in SHM systems”. A completely broken transducer showing an open or 
short circuit condition is readily identified ((Eckstein et al., 2008), p427) as it may not 
function at all. In the case of complete disbonding the sensor will show very strong 
imaginary impedance resonance and structural resonances will disappear ((Giurgiutiu et 
al., 2002), p46).  
Lanzara et al. (2009), (p1706) show that transducer debonding changes excitation modes 
and modal vibrations. This affects displacements in debonded and bonded regions, the 
result of which is stress concentrations and reduced displacement in the still bonded area. 
The admittance phase angle correlates with the absolute value of adhesive impedance, 
which is affected by bond thickness and any bondline defects ((Dugnani, 2013), p1921). 
The faulty condition of a transducer makes excitation non-linear, a result of which is that 
waves may travel with different directional magnitudes or phase. It is also possible that a 
degraded bond on a single transducer will produce multiple excitation sources producing 
wave overlap leading to distortion of the overall shape of the waves ((Park et al., 2006), 
p1679). “If only a small fracture or debonding occurs within the materials, the 
sensors/actuators are still able to produce sufficient performance (with distorted signals 
after the sensor fracture), potentially leading to a false indication of the structural condition” 
((Park et al. (2006), p1674). A partially broken or debonded transducer is not so easily 
identified. “Changes to the transducer bonding conditions, degradation of transducer 
properties can produce false damage identification, compromising the ability of SHM to 
accurately evaluate host structure condition” ((Overly et al., 2009), p1414). “In situ self-
diagnostics of sensor integrity and sensor-to-structure adhesion are mandatory” 
((Giurgiutiu et al., 2002), p46).  
Identification of a problem sensor allows it to be isolated from the network ((Park et al. 
(2006), p1674) or for its degraded signal to be compensated for by signal processing 
software. For this reason much effort has focussed on the development of techniques such 
as EMI to ascertain the condition of the transducers and the attaching bondline.  
2.1.4.1 Change in the structures condition 
The effect of a change in the condition of a structure is detected by the way it interacts with 
the signals used to scan it. Ben et al. (2012) give examples of Lamb wave interaction with 
a through hole, and a slot in a glass fibre reinforced polymer (GFRP) panel, and a cut, and 
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an impact hole (Figure 2.2) in a CFRP panel. For each damage type the interaction with 
the transmitted wave is different. 
 
Figure 2.2. Lamb wave interaction with impact hole (Source: Ben et al., 2012, p305) 
 
The identification of the type of structural damage is complicated by the fact that non-
permanent structural change also alters the signal-structure transmission interaction and 
can be confused with damage ((Sun et al., 1995), p241). Often the signal attenuation 
produced by damage is an order of magnitude smaller than that produced by 
environmental causes. For example the effect of temperature change is quite strong, 
altering the arrival time of guided wave signals ((Croxford et al., 2007), p1) and signal 
amplitude ((Salamone et al., 2009), p1079). It has a strong effect because both the 
piezoceramic dielectric and strain constants are quite sensitive to temperature ((Park and 
Sohn, 2003), p455).  
Temperature related effects; manifest as uniform horizontal and vertical translations over 
small frequency bands ((Soh et al., 2012), p37). The horizontal shift is caused by changes 
in host structures material Young’s modulus, the vertical variations are caused by 
temperature induced changes to electrical permittivity (ɛ33) and to the piezoelectric charge 
coefficient in the 1 direction (d31) ((Soh et al., 2012), p37).  Thus the phase shifting of real 
impedance are identifiable and can be compensated for as demonstrated by Park et al. 
(1999), Di Scalea and Salamone (2008), Salamone et al. (2009), An et al. (2012), Cross et 
al. (2012), and Song et al. (2013).  
The real part of impedance is reactive to changes in host structure integrity (Park and 
Sohn, 2003) this is used to calculate damage via impedance spectra comparison metrics 
such as root mean square deviation (RMSD) (Park and Inman, 2007). 
Compared to temperature, humidity change and boundary loading change effects on the 
structure are considered less disruptive to Lamb wave transmission and therefore less of a 
problem ((Sohn, 2006), p557).  
2.1.4.2 Change to the bondline 
The transducer bondline forms an important part of the SHM system. The interface 
provides the mechanical coupling to transfer the force and strain between the piezoelectric 
element and the structure ((Qing et al., 2006a), p622).  
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The influence of the interlayer between the host structure and a sensor is demonstrated by 
Wei et al. (2001). Their work examined the effect of different surface coatings on the strain 
transfer efficiency between the structure and FBG sensors, the best strain transfer 
occurring for uncoated fibres ((Wei et al., 2001), p1) and the worst transfer occurred 
across a weak interface created by polypropylene coating ((Wei et al., 2001), p4).  
The importance of the adhesive layer between a transducer and the structure was alluded 
to by Veidt et al. (2000) who showed that the transfer of energy from transducer to 
specimen is a frequency dependent characteristic of the adhesive layer. Stating that 
changes to the transfer characteristics between the transducer and specimen that arise 
from the effects of temperature, moisture or component ageing may jeopardise the 
reliability of the system.  
Research shows that “the performance of surface-bonded piezoelectric sensor degrade 
due to chemical, structural and environmental stresses, resulting in undesired sensor 
disbond and cracking events” ((Blackshire and Cooney, 2006), p2). Environmental causes 
of bond degradation are humidity and temperature variations, cracks and adhesion failure 
extend from these modes (Mulligan et al., 2013), p3). When shear stress exceeds the 
bond layers interfacial strength edge debonding may develop, this will reduce the effective 
size of the transducer to that of the bonded area ((Jin, 2011), p2551).  
To minimise the influence of the bondline on admittance signatures Bhalla and Soh (2004) 
recommend high shear modulus adhesive and very thin bondlines to attach small sized 
transducers to a structure. It is important to note that change does not typically occur to 
the bondline only, “sensor fracture, can simultaneously occur with debonding” ((Overly et 
al., 2009), p1414).  
With regard to the effect of changes to the bonding layers adhesive modulus on the 
electrical admittance signal ((Mulligan et al., 2013), p73) indicates that it is minor until 
severe degradation occurs.  
Debonding of surface mounted PZT disc transducers changes the energy and signal 
transfer characteristics between transducer and structure (Lanzara et al. (2009), ((Mulligan 
et al., 2012), p10). This can for example produce a decrease in the amplitude of sensor 
peak displacement ((Blackshire et al., 2005), p70). “Bond defects between sensor and 
host structure change the measured impedance spectrum” ((Park et al., 2006), p1674), 
modify the measured modal frequencies and damping ratio, change the real impedance 
magnitude and resonant frequency identification ((Park et al., 2006), p1680). Debonding 
between transducer and structure also manifests in imaginary admittance values ((Overly 
et al., 2009), p1415), as debonding progresses, the resonance of the PZT transducer gets 
sharper and more distinctive ((Park et al., 2006), p1674) and attenuation of host 
resonance peaks occurs ((Overly et al., 2009), p1414). However an increase in structural 
damping also causes suppression of natural resonance peaks ((Bhalla et al., 2003), p265) 
and stiffness and mass variations produce lateral shifts in resonance peaks.  
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“Degradation of the bonding layer between the structure and the transducers can influence 
the amplitude and phase of measured signals and therefore affect the time of signal flight 
estimate. This reduces the accuracy of damage imaging results and can even indicate 
false or phantom damages” ((Mulligan et al., 2013), p68), (Figure 2.3). If these faults are 
not compensated for by data processing the SHM system will interpret the signal changes 
as structural degradation and produce incorrect damage characterisation and positioning.  
 
Figure 2.3. Inaccurate damage imaging (Adapted from: Mulligan et al., 2014, p78) 
 
A number of techniques have been proposed for the purpose of sensor validation, these 
include the mechanical response power and symmetric indices methods ((Mulligan et al., 
2013), p69). Global mode modal filtering, principal component analysis, PZT sensor 
electrical impedance resonance, and closed loop debonding identification ((Park et al., 
2006), p1674). The last four methods whilst shown to be sensitive to bondline degradation 
are limited by their inability to resolve debonding from other forms of degradation occurring 
simultaneously within the SHM system such as structure or sensor damage ((Park et al., 
2006), p1674).        
To overcome the problems of these methods Park et al. (2006) developed a technique to 
identify bondline degradation by calculating the capacitance of PZT transducers for the 
frequency range 0 kHz to 20 kHz. This capacitance metric method showed that as the 
bonded area between the transducer and the structure decreased the capacitive value 
increased. This is observed as an increase in the slope of the imaginary part of electrical 
admittance ((Park et al., 2006), p1675). Structural damage can be separately identified 
because it does not change the capacitive value, instead it produces “abrupt local 
variations” ((Soh et al., 2012), p37), variations along the imaginary admittance trace 
((Park, 2009), p75). These are seen as the appearance of new peaks and also lateral and 
vertical shifting of existing peaks ((Soh et al., 2012), p39). 
The capacitance metric method is however sensitive to temperature influences and is 
limited to measuring capacitance using a low dynamic range. The relationship between 
capacitive value and bondline degradation is not linear, therefore the method “struggles to 
distinguish gradual change in bonding layer coverage area in the presence of increasing 
damage” ((Mulligan et al., 2013), p69). Despite these drawbacks the method is widely 
used for transducer health monitoring ((Mulligan et al., 2013), p69).  
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To improve upon the capacitive metric method the resonance metric was developed. 
Bondline degradation moves PZT transducer resonance modes to lower frequencies 
producing an increase in the capacitive value. The resonance metric tracks change in the 
“first planar resonance frequency of the disc transducer with degradation” ((Mulligan et al., 
2013), p69) down to the value of a free vibrating transducer ((Eckstein et al., 2008), p427). 
The problem with using this method by itself is that it “is restricted to a smaller dynamic 
range than the capacitance method” ((Mulligan et al., 2013), p69) which is undesirable. 
Mulligan et al. (2013) combined the capacitance metric and the resonance metrics to 
produce the modal damping metric. Using numerical simulation this metric calculates a 
correction factor which is applied to correct damage imaging data obtained from degraded 
transducers. 
The work of Lanzara et al. (2009) shows that the effect on electro-mechanical coupling of 
transducer debonding is influenced by the shape of the debonded area as well as the size 
of the disbond, something the work of Mulligan et al. (2012) did not investigate. Lanzara et 
al. (2009) demonstrate that as the total size of an asymmetric shaped disbond increased 
the signal phase delay increased to a maximum of 18% for a 30% disbond area ((Lanzara 
et al., 2009), p1704). However for axisymmetric or symmetric debonds the effect on phase 
delay is minimal.  
Additionally this work shows that for a constant area disbond, changes to the disbond 
shape alter the effect on the magnitude of signal amplitude with axisymmetric shapes 
producing a smaller decrease than symmetric shapes. The excitation frequency changes 
signal amplitude trends, for example at frequencies above the transducers first mechanical 
resonance frequency a continual decline in amplitude is observed as debonded area 
increases. At frequencies higher than resonance the wavelength of the stress waves is 
smaller than the actuator size. For frequencies below resonance the signal amplitude 
decreased before increasing again as debonded area was increased ((Lanzara et al., 
2009), pp.1704-1705).  
2.1.4.3 Change to the transducer properties 
“Performance degradation of PZT transducers is often observed under high electric and 
mechanical loads and is associated with cracking fracture and depolarization phenomena” 
((Algueró et al., 2004), p209). The degradation of the piezoceramic element decreases 
capacitance and the coupling factor this produces a decrease in the slope of the 
resonance amplitudes ((Eckstein et al., 2008), p427) and a decrease in slope of the 
imaginary admittance (Park et al., 2006). 
Work performed by Park et al. (2006) and Overly et al. (2009) examined the effect of 
bonding defects and degradation of PZT transducers on impedance measurements. The 
work of Mulligan et al. (2013) demonstrated that up to a certain damage severity the 
changes can be compensated for. For each of these investigations impedance analysis 
was the tool used to assess change. Impedance analysis is included in SHM packages to 
assess the health of the SHM monitoring system (Jung et al., 2013). 
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If the piezoceramic element is exposed to strain in excess of its tolerable limits 
deterioration of the transducers performance occurs as a result of: 
 Piezoceramic element depoling. 
 Piezoceramic element fracture.  
Piezoceramic element depoling 
The forming and sintering operations used to manufacture monolithic PZT ceramic 
elements produce a material in which the unit cell dipoles form regions of local alignment 
called domains ((APC International Limited, 2009), p1). The domains are randomly 
orientated, producing no net dipole moment in the bulk material. The establishment of the 
bulk piezoelectric properties used for transducer application require that the material be 
poled. The function of the poling process is to align the polarization of favourably 
orientated domains within the piezoelectric material. The operation is performed by 
exposing the material to a strong electric field typically whilst the material is heated, the 
field maintained while the material is cooled.  
Polar axes can be reorientated to either 180º or 90º, the 180º domain realignment does 
not produce any strain ((Jaffe et al., 1971), p162), ((Zhang and Gao, 2004), p356). The 90º 
switching produces a higher local strain field ((Zhang and Gao, 2004), p357) and 
mechanical distortion (shear deformation) due to the longer length of the domain along its 
polar axis ((Sirohi and Chopra, 2000a), p47). The realignment of domains for angles other 
than 180º ((Jaffe et al., 1971), p162) creates permanent mechanical distortion ((Sirohi and 
Chopra, 2000a), p47) known as remnant strain. Piezoceramic material is isotropic until 
poled whereupon it becomes an orthotropic material perpendicular to the poling direction 
(for disc transducers this means the in plane properties are orthotropic) ((Sirohi and 
Chopra, 2000b), p248). 
The constraint of grain boundaries restricts domain patterns which form to orientations that 
minimise intergranular stresses ((Jaffe et al., 1971), p65). This random alignment of grains 
and the resulting domains within the grains mean that the line-up of the polar axes will not 
be perfect, the poling process is only able to switch domains to orientations allowed for by 
cell symmetry and that are positioned nearest to the poling electric field to reduce energy 
((Jaffe et al., 1971), p16), ((Zhang and Gao, 2004), p356). The poling process produces 
internal stress fields, compressive stress perpendicular to the poling direction and tensile 
stress parallel to the poling direction ((Tai and Kim, 1996), p185). For this reason un-poled 
piezoceramics have higher fatigue resistance and fracture tolerance than poled 
piezoceramics.  
It is documented that exposing the piezoceramic material to excessive strain, high electric 
fields or heat can depolarise the transducer ((Jaffe et al., 1971), p23). The effect of 
depoling is a decline in the response of the piezoceramic to either electrical or mechanical 
loads in other words a decrease in coupling efficiency. The mechanism responsible for this 
behaviour is the realignment of domains.  
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High mechanical stress can only switch the 90º domains “axial stress being more effective 
than lateral stress” at doing this ((Jaffe et al., 1971), p166). Whereas a high electric fields 
can switch both 180º and 90º domains, for this reason only an applied electric field can be 
used to pole or re-pole PZT piezoceramic ((Sirohi and Chopra, 2000a), p47). An example 
of electric field induced depoling is given in Zhang et al. (2004), (pp.4-5) this shows the 
subsequent reduction in generated strain caused by the application of a large magnitude 
alternating electric field. 
Mechanical loading that maintains a constant one dimensional transverse stress makes 
the piezoelectric response strongly anisotropic because it causes domain reorientation 
such that the piezoelectric charge coefficients d31 and d32 decrease and increase 
respectively for a load parallel to the one direction axis ((Jaffe et al., 1971), p164), ((Sirohi 
and Chopra, 2000a), p51) whilst this is occurring the value of the relative dielectric 
constant (K) stays somewhat constant.  
The degradation of piezoelectric properties during cyclic loading is caused by the random 
realignment of domains that were parallel to the piezoceramics electric field direction ((Tai 
and Kim, 1996), p185). Increasing the applied load degrades the materials piezoelectric 
constant, electromechanical coupling constant and permittivity. ((Okayasu et al., 2010b), 
p1451). High stress cyclic loads on soft PZT, as shown by Jaffe et al. (1971), (p165), 
decrease the electromechanical planar coupling factor (kp), the 1 direction coupling factor 
(k31) and the piezoelectric charge coefficient (d33). Load applied parallel to the poling 
direction (longitudinal) produces a much larger decrease in kp and d33 than loading in the 
lateral direction does to k31 and d33. For kp and for d33 (under longitudinal loading 
condition) and k31 (under lateral loading condition) large rapid decreases are observed 
soon after commencement of cycling after which the rate of decline reduces and the 
properties stabilise or continue to show a much lower rate of decline. Okayasu (2009), 
(p1434) report that the k33 electromechanical coupling coefficient decreases rapidly under 
high stress cyclic loading but does not do so under low applied cyclic stress.   
For silver-glass frit electroded, round PZT ceramic rod, subjected to cyclic compression 
loading in the poling direction the endurance limit appears to be 50 MPa. Okayasu (2009), 
(p1435) reported that after 50,000 cycles the samples showed minimal change in 
piezoelectric constant (d33) value, whereas samples loaded at 100 MPa showed a 
decrease of approximately 50% in d33 by cycle number 40 as compared to its starting 
value. 
In some cases depoling can be addressed by in situ repoling by applying either a DC 
(direct current) electric field or an AC (alternating current) electric field at levels much less 
than the original poling electric field ((Sirohi and Chopra, 2000a), p60). It is possible to 
recover most of the actuator performance but levels of polarisation may not be fully 
recovered ((Mall and Coleman, 1998), (Sirohi and Chopra, 2000a), (Mall, 2002)). The 
practicalities of in situ repoling are limited for permanently installed transducers if it 
requires that new baseline data be established for a no longer pristine structure. It is also 
difficult to repole bonded actuators since the tensile stresses created by this process in the 
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actuator will impede the domain re-orientation mechanism ((Sirohi and Chopra, 2000a), 
p60) and the “process may even result in its fracture if the repoling field is too high” ((Sirohi 
and Chopra, 2000a), p61).   
Piezoceramic element fracture 
It is the material properties of piezoceramics which limit its ability to tolerate high strain 
loading. PZT transducers similar to the soft Pz27 type used in this project are 
characterized by Park et al. (2003), (p1428) as stiff and brittle and only able to “withstand 
very small bending. This brittleness of the PZT ceramic imposes difficulties in handling and 
bonding of the sensors into the structure being monitored”. Tsoi and Rajic (2009), (p215) 
identified that “the material is vulnerable to degradation in the ceramic matrix and also the 
electrical interconnect layer”. Blackshire et al. (2005), (p67) adds that “bending and 
tensile/compression loads will strain the sensor material and in extreme conditions can 
lead to bond failure and sensor fracture”. 
Strain incompatibilities and stress fields are generated within piezoceramic by electroded 
regions expanding or contracting under applied an electric field whilst non-electroded 
zones act to constrain the deformation of the active regions ((Zhang and Gao, 2004), 
p372). Similar is stated by Van Den Ende et al. (2009), (p165) with regards to the stress 
development between active and inactive region within multilayer actuators. 
PZT material is characterised as having a high elastic modulus and a compressive 
strength much larger than its tensile strength. In general tensile stresses should be 
avoided since the ceramic is weak in tension ((Sirohi and Chopra, 2000a), p61). It is 
reported by Sirohi and Chopra (2000a), (p50) that the static tensile strength of a typical 
piezoceramic is approximately 13,000 psi (89.63 MPa), static tensile strength is 
approximately 3 times larger than that measured under dynamic conditions ((Soh et al., 
2012), p12). Okayasu et al. (2010a), (p714) reported that poled PZT materials shows 
stronger plastic deformation than un-poled PZT material when a load is applied 
perpendicular to the poling direction.    
The work of Narita et al. (2012), (p3762) shows that for dynamic fatigue of a soft PZT 
ceramic under constant load rate testing, the fracture load decreases as the load rate 
decreases. This effect is attributed to slow subcritical crack growth which has more time to 
occur under lower load conditions before final fracture. The mode of fracture of slow 
subcritical crack growth is primarily intergranular, whereas in the zone of catastrophic 
fracture the fracture mode is primarily transgranular. It is noted that “fracture surfaces are 
flat on samples fractured under mechanical loading, while electrical loading yields rough 
fractured surfaces” ((Zhang and Gao, 2004), p370). 
Fracture in piezoelectric ceramics is more complex than in conventional materials. As is 
the case with conventional materials, defects within the piezoceramic such as flaws, 
impurities, porosity, domain walls or grain boundaries can act as crack initiation sites 
((Zhang and Gao, 2004), p340).  However the electrical field and mechanical stress 
coupling relationships within piezoceramic can either enhance or inhibit crack growth by 
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the interaction of these relationships at crack tips in both poled and depoled piezoceramic 
((Zhang and Gao, 2004), p339).  
The directional influence of poling on crack growth is demonstrated by Deluca et al. 
(2010), (p344) who show equal crack growth (131 µm long) in perpendicular directions for 
un-poled PZT and unequal crack growth rates in poled PZT ceramic (107 µm long cracks 
parallel to the poling direction and 183 µm long cracks perpendicular to the poling 
direction). This “anisotropy of fracture toughness and electric field induced fatigue crack 
growth in polarized piezoceramics affect significantly the service performance of actuators 
and sensors” ((Zhang et al., 2004), p1). Indentation tests show that the behaviour results 
in cracks lengths that are approximately 1.8 times longer perpendicular to poling compared 
to those in the parallel orientation ((Okayasu et al., 2010a), p722). Cracks growing 
perpendicular to the poling direction propagate along domain boundaries whilst cracks 
parallel to the poling direction propagate along grain boundaries which have a higher crack 
resistance ((Okayasu et al., 2010a), p723). For a surface bonded PZT transducer where 
the direction of poling is perpendicular to the host surface and in-plane loading occurs the 
higher fracture toughness in the poling direction will slow the growth of cracks through the 
thickness of the element. 
The application of cyclic bending loads produces an increase in material hardness 
((Okayasu et al., 2010a), p718). Tensile and compressive loading produces realignment of 
domains within grains, the resulting anisotropic crystal orientation produces high internal 
and external stress, non-symmetrical deformation and non-linear material hardening 
((Okayasu et al., 2010a), p721).  
The type of metal coating used to form electrode surfaces on PZT ceramic elements 
influences its bending fatigue performance. Okayasu et al. (2010a), (p717) shows that 
electroplated nickel (Ni) electrodes have an endurance limit (60 MPa) that is approximately 
1.2 times higher than that of a PZT ceramic with sintered silver (Ag) electrodes when 
loaded perpendicular to the electrode surface. The cause of this difference remains 
unclear but it is thought that the Ag electroded PZT may have poorer mechanical 
properties, possibly caused by microcracks generated in porous regions and electro-
generation trapped at defects (which changes the electric domain orientation) ((Okayasu 
et al., 2010a), p713). Physical differences between the two electrode types are given as; 
the Ag electrode layer is very porous and 10 times thicker than the finer grained, denser Ni 
electrode layer, the surface of the Ni electrode has a lower average surface roughness 
with an arithmetic mean deviation (Ra) value of 0.45 µm compared to the Ag electrode with 
a Ra value of 0.64 µm.  
The work of Okayasu et al. (2008) shows that the silver electrode firing process results in 
Ag infiltrating the grain boundaries and the matrix of the PZT ceramic near the electrode 
layer. This lowers the hardness in this region to approximately 70% of that outside the 
zone (thought to be caused by the mechanism of “reduction in severity of grain bonding” 
((Okayasu et al., 2008), p1122)) reducing fracture toughness, making the ceramic more 
brittle. This is evidenced by transgranular fracture in the zones showing Ag interspersed in 
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the PZT ceramic matrix ((Okayasu et al., 2008), pp.1119-1120) whereas outside of the Ag 
rich region the fracture characteristic is intergranular. As a result of the Ag infiltration the 
bending fatigue strength of Ag electroded PZT material loaded parallel to the electrode 
surface (perpendicular to the direction of poling) is (60 MPa) this is 1.2 times higher than 
the fatigue strength obtained for loading perpendicular to the electrode surface (parallel to 
the poling direction) ((Okayasu et al., 2008), p1123).  
The fracture behaviour of piezoceramic is more complex under combined electrical and 
mechanical loads, fracture experiments show that crack behaviour is influenced by the 
magnitude and sign of an applied electric field and whether the crack is parallel or 
perpendicular to the poling axis ((Zhang and Gao, 2004), pp.361-365). “When electrically 
driven the PZT material is known to be prone to cracking as a result of strain 
incompatibilities in the material resulting from its piezoelectric behaviour” ((Van Den Ende 
et al., 2009), p163). Under applied cyclic electric fields microcracks are found to initiate 
from pores and propagate along grain boundaries, observation suggests that “dielectric 
breakdown of the grain boundary phase is conducive to boundary cavitation and that crack 
growth follows the progressive accumulation of cavity density.” ((Zhang and Gao, 2004), 
p372). 
Bending strength experiments show that higher mechanical stresses can be better carried 
by piezoceramic when the applied electric field is zero or very low, irrespective of whether 
it is positive or negative ((Zhang and Gao, 2004), p365). Narita et al. (2012), (p3764) 
shows that “fracture load under AC electric fields occurs at lower values than that under 
zero electric field”, they report that the lengths of dynamic cracks increase by 7% and 17% 
for a 50 Hz and a 400 Hz electric field of 40 kV/m respectively ((Narita et al., 2012), 
p3763).  
“Domain switching changes the internal stress and the electric fields and may play a 
substantial role in failure behaviour” ((Zhang and Gao, 2004), p356). “The domains 
reorient themselves perpendicular to the crack propagation direction this switching process 
consumes elastic energy reducing the energy release rate for further crack propagation. 
Therefore cracks parallel to the poling direction are shorter than cracks perpendicular to it 
for the same applied load” ((Deluca et al., 2010), p343), ((Okayasu et al., 2010a), p723). 
Domain switching in the vicinity of crack tips has been measured as 65% in the direction 
parallel to poling and 6% perpendicular to poling (Deluca et al., 2010), (p345). Okayasu et 
al. (2010a), p717) report that domain switching may start at loads as low as 50 MPa. 
“Domain switching is a gradual process and may start at one or a few crystalline cells near 
a crack tip. Under applied electric and mechanical fields low energy domains will grow and 
domains with high energy orientations will shrink resulting in domain wall motion”, this local 
crack tip switching redistributes stress and electric fields ((Zhang and Gao, 2004), p360). 
2.1.5 PZT ceramic element strain tolerance 
For the PZT ceramic element not to degrade for the duration of the structures operating 
life, a safe working strain threshold has to be established where infinite life will occur. The 
flight strain spectrum shown by Haglage (1969), (p24) and the A-type flight spectrum 
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loading by Aoki et al. (2006), (p1113) indicate that flight structures are exposed to 
intermittent high strain events in conjunction with what could be defined as the ‘average’ 
spectrum of strain loading. A PZT transducer must be able to tolerate all of these events.  
The strain tolerance of monolithic piezoceramics is different for compressive and tensile 
strain, Bronowicki et al. (1996) (p138) state that “compressive loads are of hardly any 
concern.” Sirohi and Chopra (2000a), (p60) state that “compressive stresses usually 
decrease actuator performance”, irrespective of these comments the majority of SHM 
related research effort focuses on the effect of tensile strain exposure. 
In the paper by Mall and Coleman (1998), (p825), it is stated that a PZT ceramic 
manufacturer reports the strain tolerance limit for their transducers as 200 με (infinite 
lifetime) and 1000 με (greater than 107 lifecycles). An et al. (2012), (p595) state that the 
manufacturer of the PZT transducers they used in experiments quotes 500 με as the 
allowable exposure limit.  
Additional insight into transducer strain tolerance can be obtained from other experimental 
results reported in literature. Because of the different test sample configurations and test 
parameters used it is difficult to draw specific conclusions from this data. For simplicity it is 
assumed that strain applied to the substrate is wholly transferred to the PZT ceramic 
element even though shear lag, different bond thicknesses and tensile modulus will 
produce different levels of strain attenuation. The following reported data are therefore 
indications of where the tolerance thresholds exist for those particular test parameters and 
sensor substrate configurations.  
Jung et al. (2013), (p11) data indicates that exposure to less than 1000 με has minimal 
effect on a transducers impedance spectrum with small variations in impedance magnitude 
occurring at 1500 με. Strain tolerance reported for embedded PZT transducers indicate 
that safe operating strains are 1000 με ((Mall and Coleman, 1998)) but a rapid decrease in 
output occurs at greater than 2000 με ((Mall, 2002), p530). Paget et al. (2000a), (p518) 
reported no significant change for embedded PZT transducers at 1500 με and only slight 
decrease at 2000 με for 50,000 cycles. Tsoi and Rajic (2009), (p216) showed that for 
surface mounted Pz27 transducer discs cycling below 1000 με produced stable 
performance. Brunner et al. (2009), (p1046) report that active fibre and macro fibre 
composite transducers which are fabricated using piezoceramic fibres have elastic strain 
limits of 1000 µɛ to 1200 µɛ and 1000 µɛ respectively.  
2.2 Electromechanical impedance 
The EMI spectroscopy technique is an application of impedance spectroscopy that has 
damage detection sensitivity comparable to local ultrasonic techniques ((Soh et al., 2012), 
p46). EMI is complimentary to guided wave ultrasonics and is applied in either of two 
ways, the first as a method of assessing local area structural health, the second as a 
method of quickly assessing the state of health of the piezoelectric transducer based SHM 
system. For both applications an initial assessment is made of a healthy system, this is 
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then used as a baseline reference ((Moharana and Bhalla, 2014), p1299) against which 
future assessments are compared.   
It is the second application of EMI that is viewed as necessary to the further development 
of piezoelectric structural health monitoring systems. The “federal aviation authority (FAA) 
regulations require diagnosis of sensor systems to improve reliability by excluding 
corruption of the monitoring result by sensor faults” ((Eckstein et al., 2008), p426). Given 
that the most common sensor failure modes are sensor disbonding and sensor fracture the 
development and application of a method to check the state of health of the monitoring 
system is important ((An et al., 2012), p598), forming a key component of “an active 
sensing SHM system” ((Overly et al., 2009), p1414).  
The impedance spectroscopy technique is used to characterise the electrical properties of 
materials and their interfaces by applying a known electrical stimulus and observing the 
response ((Barsoukov and Macdonald, 2005), p2). “The results can be correlated to many 
complex variables such as defects and microstructure” ((Barsoukov and Macdonald, 
2005), p9). EMI captures the phase difference between voltage input and current output; 
this enables imaginary and real admittance to be calculated. The complex admittance of 
the system depends on the mechanical impedances of the PZT element and the structure 
((Rosiek, 2012), p2). EMI is used to detect changes in resonant behaviour of the system, 
the result of system changes in stiffness, damping, and mass ((Bhalla et al., 2002), p487).  
Impedance is calculated as the ratio of input voltage and output current through the 
transducer, though it is more typical to measure electrical admittance (the inverse of 
impedance) than impedance. Admittance is easier to measure and the “signatures are 
often more sensitive to incipient damage” ((Song et al., 2013), p6581). Impedance 
measurement is performed by applying a single frequency excitation voltage to the 
transducer causing it to induce vibrations in the surrounding local structure, the resulting 
structural vibrational response modulates the current through the transducer ((Park and 
Sohn, 2003), p459). Typically the measurement process is repeated for a range of 
excitation voltage frequencies.  
Literature reported frequency ranges vary, though they are in general similar in range to 
that used in acousto-ultrasonics (30 kHz to 500 kHz) ((Brunner et al., 2004), p9), or to 
those used for EMI structural assessment,  30 kHz to 400 kHz ((Park and Sohn, 2003), 
p452), ((Soh et al., 2012), p17). Additional frequency ranges reported in literature for 
sensor health assessment are 0 kHz to 20 kHz ((Park, 2009), p74) through to values as 
high as 1 MHz ((Mulligan et al., 2013), p72). At greater than 1 MHz cabling associated with 
the measurement process may introduce errors during measurement of high impedance 
materials, at lower frequencies this is less likely to be significant ((Barsoukov and 
Macdonald, 2005), p183). Soh et al. (2012), (p36) recommend that assessment should not 
be performed at less than 1 kHz and that at frequencies less than 5 kHz “piezo-impedance 
transducers do not behave well”. At frequencies above 500 kHz impedance analysis has 
been found to be unfavourable for structural assessment ((Park and Sohn, 2003), p453), 
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“the transducer becoming more sensitive to the transducers own bonding condition” ((Soh 
et al., 2012), p36).  
For damage to be detectable the wavelength of excitation must be smaller than the 
damage size. Small wavelengths at high frequencies enable EMI to detect minor changes 
and incipient damage ((Peairs et al., 2004), p130), ((Song et al., 2013), p6581). 
Impedance measurement of a structure for structural damage identification purposes is 
seen as challenging because as the size or the stiffness of the structure increases the 
structures strain response gets smaller and therefore the method becomes less sensitive 
((Song et al., 2013), p6581). This occurs because the high frequency signals used for EMI 
are subjected to high levels of signal attenuation by the structure. A benefit of this is that 
the short detection distances isolate the transducer from far field changes such as 
structural mass loadings and operational vibrations that tend to occur at lower frequencies 
((Park and Sohn, 2003), p453), ((Bhalla and Soh, 2004), p956). Thus EMI is suitable for 
near field damage sensing, Brunner et al. (2008), (p661) indicate that for a glass fibre 
reinforced polymer the sensing radius range is 30 cm to 40 cm, similar is indicated by 
((Park and Sohn, 2003), p453). Longer sensing distances to 2 m to 3 m are quoted for 
metals ((Park and Sohn, 2003), p453), ((Soh et al., 2012), p45).  
EMI like other damage measuring systems assumes constant transducer integrity ((Bhalla 
and Soh, 2004), p955), and “consistent behaviour of bonded transducers” ((Bhalla et al., 
2002), p484). The technique cannot detect pre-existing damage ((Soh et al., 2012), p46), it 
cannot assess overall structural stability ((Soh et al., 2012), p47) and the data in its raw 
form can only provide a qualitative assessment of condition, scalar damage metrics must 
be employed for a qualitative assessment ((Park and Sohn, 2003), p454)). The metrics 
can produce values of equal magnitude for two very different damage types with no 
indication of which has the greater potential impact on structural integrity. 
For structural monitoring applications EMI has been demonstrated to be capable of 
detecting cracks, loose connections, corrosion, structural debonding, and delamination 
((Park and Sohn, 2003), p455). EMI is sensitive to; changes to structure bondlines ((Al-
Ostaz et al., 2007), p348), changes in the thickness of the bondline between the structure 
and the transducer ((Qing et al., 2006a), p622), changes to adhesive tensile modulus 
((Qing et al., 2006a), p625) and changes to adhesive shear modulus (Moharana and 
Bhalla, 2014). For sensor health assessment the technique has been shown to be capable 
of detecting debonding in the adhesive layer between a transducer and the host structure 
and degradation of the PZT element itself (Park et al., 2006).  
Interest in the EMI technique was developed by Liang (1994) who showed using a 
simplified analytical one dimensional (1D) model which neglected the bond layer that 
“through the electromechanical coupling of PZT transducers and the structure, the 
transducers electrical impedance is directly related to the mechanical impedance of the 
host structure” ((Rosiek, 2012), p1). The first application of EMI was by Sun et al. (1994) 
where surface bonded PZT transducers were used for structural modal analysis, Sun et al. 
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(1995) was also amongst the first to apply the technique to assess changes to structural 
condition. 
Recognition of the effect of the bond layer between the transducer and the structure on 
EMI signatures saw subsequent development of analytical two dimensional (2D) models 
for square shaped transducers incorporating shear lag effects and electro-elastic 
interactions ((Soh et al., 2012), p44). A problem with the early models is that in general the 
trend was to assume linear strain distribution through the adhesives thickness ((Dugnani, 
2009), p1913). In general the “static approximations provide a reasonable result where 
adhesive bondlines are thin and stiff” ((Pietrzakowski, 2001), p7886) in which case they 
approach ideal bonding condition, or where the “structure shape and boundary conditions 
are simple which limits their actual application” ((Yang, 2008), p1). Further development 
produced semi-analytical three dimensional (3D) transducer-bond layer-structure models 
((Yang, 2008), p2), ((Soh et al., 2012), p44), and 3D FEA models which allow high 
frequency excitation in the range of the EMI technique to be applied with reasonable 
accuracy (Yang, 2008).  
Two examples of recent work are by Dugnani (2009) to develop the analysis for 3D disc 
transducers and by Moharana and Bhalla (2014) who with their continuum model for 
square shaped transducers developed a more accurate and realistic shear lag model 
(incorporating shear stress and inertia force). Dugnani (2009), (p1563) shows that for “disc 
shaped sensors the effect of the adhesive layer is frequency dependent” with shear 
deformation losses near the first radial resonance lower than predicted by quasi-static 
models.    
Summaries and details of the historical development of the method can be found in Park 
and Sohn (2003), Park et al. (2006), Dugnani (2009), Bhalla et al. (2012), Soh et al. 
(2012), Dugnani (2013), and Moharana and Bhalla (2014). 
For structural health monitoring purposes single (self-impedance) ((Song et al., 2013), 
p6580) or separate actuators and sensors (transfer impedance) can be used for the EMI 
method, but for sensor health investigation the method is applied using a single transducer 
as actuator and sensor ((Soh et al., 2012), p35). This does have a disadvantage as 
pointed out by Song et al. (2013), (p6582), “the simultaneous excitation and sensing of a 
PZT element makes it difficult to capture small structural responses, PZT strain produced 
by structural response can be masked by PZT strain directly induced by the input voltage”. 
The work to develop the EMI technique for sensor health monitoring has concentrated on 
the effect of bondline changes. “The electromechanical coupling between PZT transducers 
and the structure is strongly affected by partial debonding and this effect is influenced by 
the actuation frequency with respect to the natural resonance frequency”, ((Lanzara et al., 
2009), p1700). Moharana and Bhalla (2014) have shown that bond layer damping and 
inertia ((Moharana and Bhalla, 2014), pp.1306-1308) have negligible effect on admittance 
signatures. And that the PZT dielectric loss factor has a significant effect on conductance 
but negligible effect on susceptance ((Moharana and Bhalla, 2014), p1307). 
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A reduction in bonded area between transducer and structure produces an increase in the 
slope of imaginary admittance. Admittance slope is a measure of capacitance, which is 
closely linked with adhesive bond coverage; this link has been demonstrated by various 
authors using analytical and experimental techniques.  
The reliance on measurement of slope is a robust metric for distinguishing between 
perfectly bonded transducers and completely debonded transducers because unbonded 
and perfectly bonded transducers signals exhibit linear behaviour ((Mulligan et al., 2012), 
p4).  “The measurement of slope is not accurate for intermediate levels of bond area 
degradation” ((Mulligan et al., 2012), p2). A comparison of numerical and experimental 
work by Mulligan et al. (2012), (p8) shows that as bond area coverage decreases 
simulations predict there is a gradual increase in capacitance, experimental work shows 
that the effect is much more complicated and harder to quantify with intermediate levels of 
degradation not following the predicted trend.  
The experimental data suggest that there is alternation between bond area degradation 
(increase in capacitance) and transducer damage (reduction in capacitance ((Mulligan et 
al., 2012), p2). In the case of the work presented by Mulligan et al. (2012) the transducers 
were not degraded, the observed behaviour was attributed to changes occurring to the 
PZT transducer resonance which moves to lower frequencies as the debonded area 
increases. The simulation of modal damping shows that it like capacitance decreases 
gradually with decrease in bonded area, experiment measurements show good correlation 
with simulation ((Mulligan et al., 2012), p9).  
2.3 Aircraft operating conditions 
Temporary and permanent changes to the SHM system components can affect the 
damage diagnosis produced by the SHM system if not compensated for. This section 
briefly examines aircraft operating conditions and the known effects this has on the PZT 
transducer, the attaching bondline, and the structure. 
The environmental conditions that an aircraft is exposed to during its service life vary with 
operating parameters and geographical location. For this reason the United States 
Department of Defence has developed the test method standard MIL-STD-810G 
‘Environmental Engineering Considerations and Laboratory Tests’. This document 
provides guidelines to aid the testing of material environmental worthiness and overall 
durability by replicating the effects of environmental stresses that might be encountered 
during the service life. Data from this document and literature are used to define the range 
of environmental conditions that surface attached PZT transducers could be reasonably 
exposed to during service life. 
For piezoelectric transducers “in an aircraft environment, temperature, moisture, strain, 
load, vibrations, and corrosion/chemical attack can potentially degrade performance” 
((Blackshire et al., 2005), p67). Mechanical fatigue and thermo-mechanical fatigue 
((Guzman et al., 2013), p2) can be added to this list.  
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If transducers are located on the inside of an aircraft structure, a level of protection against 
external conditions is provided. But it does not rule out temporary exposure to the external 
environment for sensors located near hatches or access panels. Internally mounted 
sensors are at risk of exposure to moisture ((Li et al., 2006), p1), detergents, hydraulic 
fluid, jet fuel, and anti-icing additive (Sugita et al., 2010), (La Saponara, 2011). They are 
also potentially exposed to high temperatures if mounted in the vicinity of the engines 
((Lee et al., 2003), p148), or adjacent to the skin of supersonic jets ((McKague et al., 
1975), p2), ((Kudva et al., 1993), p966). 
The environmental factors affecting transducers can be grouped into:  
 Chemical and moisture effects. 
 Temperature exposure. 
 Strain exposure and cycling. 
2.3.1 Chemical and moisture effects 
The effect of moisture upon PZT transducers and chemicals and moisture upon adhesives 
is discussed to highlight benefits of using PVDF thermoplastic to bond and encapsulate 
transducers. PVDF has “excellent chemical resistance” ((Westlake Plastics Company, 
2009), p1) and a water absorption value of 0.01 %/24 hour ((Westlake Plastics Company, 
2009), p1). This compares favourably to polyimide film with a water absorption value of 
0.94 %/24 hour (Dupont, 2009).  
2.3.1.1 Chemicals 
The effects of chemicals; jet fuel, anti-icing additive, and hydraulic fluid on adhesive is 
demonstrated by Sugita et al. (2010) and La Saponara (2011). Their data shows that these 
compounds degrade adhesive and resin properties, producing swelling and changes in 
strength. The damage produced by hydraulic fluid and anti-icing additive exposure is 
irreversible ((Sugita et al., 2010), p834). 
Minimal data was found for studies investigating the specific effect of chemicals upon PZT 
transducers. Zhang and Gao (2004), (p370) state that the piezoceramic PZT-5 “undergoes 
stress corrosion cracking when exposed to moist air, silicon oil, methanol and formamide”, 
the magnitude of the effect on fracture toughness influenced by whether the crack 
direction is parallel or perpendicular to the poling direction.  
2.3.1.2 Moisture 
The aircraft operating environment exposes the structure directly to moisture or indirectly 
to moisture condensation from humid air induced by temperature change. Aircraft 
protective coatings can be used to exclude moisture ((Springer, 1977), p4). But as shown 
by Li et al. (2006) the entry of moisture into aircraft composite honeycomb sandwich 
structures occurs primarily by direct path ingress via breeches in the protective coating.  
Assuming no protective covering on the PZT transducer or the bondline securing it to the 
structure, moisture is known to adversely affect the transducer via three mechanisms: 
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1. Material property changes ((Parker, 1986), p124), ((Schubert and Herrmann, 2012), 
p3642). 
2. Short circuit connection ((Vodicka and Galea, 1998), p7), ((Bhalla et al., 2002), 
p489). 
3. Metal ion migration ((Van Den Ende et al., 2009), p163), ((Hormadaly, 2012), p101). 
Material property changes 
Moisture absorption produces changes to the adhesive mechanical properties ((Parker, 
1986), p124). “Moisture can act as a plasticiser, solvent, or hydrolysis agent for some 
polymers and adhesives” ((Benyahia et al., 2014), p435). “The effect of moisture on 
composite materials is highly resin dependent” ((Park et al., 2010), p2173). For example 
“epoxy adhesive is susceptible to moisture attack” ((Benyahia et al., 2014), p435).  
The effect of moisture on the tensile strength is influenced by the adjacent adherend 
materials. Park (2010), (p2177) reported that tensile strength increased for CFRP-CFRP 
lap joint specimens that were exposed to wet, elevated temperature conditions. This 
difference is attributed to improvement of fibre alignment which resulted from matrix 
softening during tensile loading. This mechanism is not present in pure adhesive bondlines 
between transducers and structures.  
Increasing moisture content produces decreasing adhesive strength ((Parker, 1986), 
p123), ((Ouddane and Boukhili, 1998), p680) and increasing ductility ((Benyahia et al., 
2014), p438). An example of the effect of moisture on epoxy adhesive strength is shown in 
Figure 2.4. 
 
From a structural point of view the “reliability of (adhesive) bonds tends to deteriorate in 
the course of time, especially at high temperatures and in moisture” ((Udo and Kohno, 
 
Figure 2.4. Effect of moisture on epoxy adhesive (Source: Benyahia2014, p437) 
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1995), p1607). The presence of moisture affects structural integrity, for example this “can 
lead to skin-to-core bonding degradation” ((Li et al., 2006), p1).  
Even though moisture caused “plasticisation and swelling are reversible” ((Benyahia et al., 
2014), p435), adhesive bonded transducers rely on the integrity of the bondline remaining 
consistent. The effect of material property changes upon Lamb wave propagation is shown 
by Schubert and Herrmann (2012) and upon impedance by Qing et al. (2006a) and Bhalla 
and Soh (2004). The presence of moisture changes the signals relative to the baseline and 
incorrect structural diagnosis will occur unless baseline shift compensatory methods are 
utilised.  
Moisture also has an adverse effect on piezoceramic elements. Xiang et al. (2007), (p369) 
report the combination of water and an AC voltage degrades PZT transducers producing 
changes in resonant and anti-resonant impedance. Moisture is attracted into piezoceramic 
by the electric field at the tips of existing cracks electrolysis of the water at these locations 
produces hydrogen in the piezoceramic lattice. The hydrogen inactivates piezoelectric 
behaviour resulting in a change of mechanical properties decreasing fracture toughness 
whereby producing material embrittlement ((Hormadaly, 2012), p168). Zhang and Gao 
(2004), (p371) refer to this as hydrogen induced delayed fracture; it is shown that “the 
threshold stress intensity factor (the level of stress needed to initiate 90º domain wall 
movements) decreases linearly with the logarithm of hydrogen concentration.”  
Short circuit connection and Metal ion migration 
Condensed moisture can affect PZT transducer elements by degrading the conduction 
path (short circuit connection), a reversible effect. The presence of moisture was reported 
to produce an increase in the conductance readings of PZT transducers ((Bhalla et al., 
2002), p489). Vodicka and Galea (1998), (p7) reported that PVDF sensors “failed to give 
correct output if condensing humidity covered the sensor wires and clinches (part of the 
electrical connector)”. 
Moisture exposure or high humidity can cause degradation of the transducer by metal ion 
migration. Metal ion migration produces a permanent short circuit connection between the 
transducer electrodes. The standard configuration monolithic Meggitt Sensing Systems 
(Ferroperm Piezoceramics A/S) Pz27 PZT transducers use Ag to form the transducer 
electrode surfaces. Van Den Ende et al. (2009), (p165) reports that PZT transducers with 
Silver-Palladium (Ag-Pd) electrodes undergo degradation by the mechanism of Ag 
diffusion into the PZT ceramic. 
Both Ag and Ag-Pd alloys are susceptible to Ag ion migration ((Harper, 2001), p3.21), 
((Van Den Ende et al., 2009), p163), ((Hormadaly, 2012), p101). The migration rate of 
pure Ag electrodes is higher than for certain concentrations of Ag-Pd alloys ((Hormadaly, 
2012), p102). Migration can occur rapidly under low voltage DC field conditions ((Mittal et 
al., 1998), p510), ((Hormadaly, 2012), p102)) in the presence of moisture. The formation of 
connections between sensor electrodes would produce a change in the sensor output 
similar to that observed by Vodicka and Galea (1998) and Bhalla et al. (2002). 
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In general it is recommended to protect the PZT transducer package against humidity and 
moisture (Vodicka and Galea (1998), p7), to ensure long life ((Bhalla et al., 2002), p484) 
by using a suitable encapsulation or covering. Examples of coverings reported in literature 
include silica coating ((Bhalla et al., 2002), p484), resin encapsulant ((Hormadaly, 2012), 
p102), or an epoxy primer and top coat paint layer ((Qing et al., 2006b), p810). Acellent 
Technologies recommend that the SMART layer be sealed or encapsulated if it is to be 
used in humid environments. Where PZT transducers are mounted internally within 
honeycomb structures (Figure 2.5) or on stringers ((Ogisu et al., 2006b), p153) protective 
coating over the transducer is still required. 
 
2.3.2 Temperature exposure 
The temperature range that an aircraft is exposed to varies with the aircraft operational 
parameters and the specific location within the aircraft structure. Low and high 
temperature test methods from MIL-STD-810G recommend that the minimum test 
temperature be -65°C and the maximum 85°C. Literature indicates that transducers and 
sensors used for SHM application must be able to tolerate temperatures in ranges shown 
in Figure 2.6.  
 
 
Figure 2.5. Internal surface mounted transducer (Source: Rajic2010, p2) 
 
 
Figure 2.6. Transducer operating temperature ranges for SHM applications 
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The significance of temperature change upon impedance measurements has been 
demonstrated by Park et al. (1999) and Park et al. (2006), Qing et al. (2006a), Overly et al. 
(2009), Ha et al. (2010) and An et al. (2012). Temperature affects SHM diagnosis by 
altering the material properties of signal path components. Park et al. (1999), (p251) noted 
that the “effect of temperature on the (complex) Young’s modulus and the piezoelectric 
coupling constant of the PZT transducer have almost negligible effect by comparison to 
the effect it has on the dielectric constant”. Temperature induced change to the dielectric 
constant value “modifies the capacitive (imaginary) admittance, causing a baseline shift of 
the electrical impedance” measurements. The resistive (real) portion of impedance is 
mostly “unchanged or changed a little” ((Park et al., 1999), p251).  
The change in conditions and the corresponding change in the signal cause the “amplitude 
and phase of the signals to be different at different temperatures” ((Qing et al., 2006b), 
p809), and “can lead to false alarms” ((An et al., 2012), p593).  
To overcome the problems caused by temperature induced changes (Park et al., 1999) 
and (Overly et al., 2009) have demonstrated that the effect of temperature is predictable 
and can be compensated for by using diagnostic algorithms or empirical damage metrics. 
Whilst An et al. (2012), (p593) proposes the use of an integrated technique using 
impedance and guided wave signals to compensate for variations in environmental 
conditions. Another approach as demonstrated by Song et al. (2013), (p6594) applies a 
dual PZT technique to EMI to produce structural impedance readings that are less 
vulnerable to temperature variations. 
Specific to piezoelectric materials an additional permanent degradation mechanism occurs 
when the material is heated to either near its Curie temperature ((Jaffe et al., 1971), p244) 
or above it.  
2.3.3 Strain exposure and cycling 
Operational strains that aircraft structures are exposed to during use vary depending upon 
the type of aircraft, the flight parameters and the specific structural location being 
examined. Aircraft are designed to be lightweight which limits the amount of stiffness that 
is built into any given component, as a result aircraft structures are exposed to large 
strains. 
Published strain data from aircraft is limited and is reported by few researchers. The data 
that is reported is typically split into maximal strains that occur infrequently, and strains 
that form the majority of the load spectrum. Data found during the literature review is 
presented in Figure 2.7. Note that the data presented by Haglage (1969) is for an 
infrequent maximum strain loading value obtained from a Cessna T37B jet trainer aircraft, 
and the data presented by Baker et al. (2009) and by Tsoi and Rajic (2009) is from a 
General Dynamics F-111 jet aircraft flight spectrum loading.  
Also included in Figure 2.7 is composite structure specific strain tolerance target values 
given by Barrington and Black (2001), (p11) from the polymer composite requirements for 
wing structures. And a minimum tensile strain value from industry design standards for 
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composite structures ((Rajic, 2010), p1). These are indications of where the ideal strain 
tolerance of surface mounted PZT transducers needs to be if they are to become utilised 
as surface mounted transducers on composite structures.  
 
Staszewski’s value can be viewed as a minimum acceptable level of strain tolerance for 
aged aircraft, the level being similar to that quoted by Baker et al. (2009), (p1350) and by 
Tsoi and Rajic (2009), (p215). But lower than the range of 3000 µɛ to 4000 µɛ ((Baker et 
al., 2009), p1342) peak cyclic tolerance. Additional to these values is a figure of 2000 µɛ 
given by  Lloyd et al. (2004), (p222) “being the high level of working strain in most carbon 
composite designs”. 
Because of the cost, weight and information processing requirements for SHM systems, 
damage detection schemes are likely be limited to localised areas. “The approach is to 
address high probability damage areas” ((Goggin et al., 2003), p37). The locations for PZT 
sensor placement will be in structural “hot spots”. “These are potential fatigue prone areas” 
(Kapoor et al., 2008), “vulnerable to damage due to high stress concentration” ((An et al., 
2012), p592), for example wings, wing boxes, and tailplane sections. 
A PZT transducer can be somewhat protected from degradation by careful placement 
within the structure. The distributed sensing capability of the transducers means that these 
can be positioned on areas slightly removed from particularly highly strained structural 
zones or areas likely to suffer damage so that the interrogation paths surround the area of 
interest ((Monnier, 2006), p414). This approach is demonstrated by ((An et al., 2012), 
p595) with the selective placement of a PZT transducer with a 500 µɛ allowable exposure 
limit on a wing demonstrator. There are however limitations to the distances over which 
sensing can occur in composites because of high attenuation of the signals ((Herszberg et 
al., 2008), p46). 
 
Figure 2.7.  Literature reported actual or anticipated aircraft strain values 
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Based on the differences reported in literature between PZT transducer strain tolerance 
and the actual flight strain loads seen in aircraft, there is a need to increase the ability of 
the piezoceramic element to tolerate higher strain levels than can be achieved with current 
generation transducer configurations.  
2.3.3.1 Strain transfer mechanism 
For a bonded joint the properties of the adherend and bond materials influence the load 
transfer characteristics. Using the one-dimensional theory of bonded joints Blackshire and 
Cooney (2006), (p5) showed that for a surface bonded transducer the “load transfer is 
considered to arise as from a shear loading through the adhesive layer”. “The load 
partitioning between the substrate and the sensor dependent on the relative stiffness of 
the two materials” ((Blackshire and Cooney, 2006), p2). 
“To lower the stress transfer to the reinforcement, the size of the reinforcement or 
adhesive shear modulus must be decreased or the adhesive layer thickness must be 
increased. Decreasing the stiffness ratio will also decrease the stress transfer” ((Blackshire 
and Cooney, 2006), p7). The effectiveness of the stiffness ratio principle is demonstrated 
by Pacou et al. (2002), (p410) who showed that 250 µm thick surface mounted PZT discs 
had superior fatigue cycling tolerance than did the 500 µm thick discs. Blackshire’s 
principle findings imply that only indirect comparison of the various strain data for the 
different fatigue test configurations reported in literature can be performed because of the 
different combinations of bond materials, transducers and substrates used.  
2.4 Strain mitigation strategies 
The gap between the tolerable strain levels to which PZT transducers can be safely 
exposed and the level of performance needed by the industry is evident. To successfully 
implement an in situ PZT transducer based SHM system there is a need to attenuate the 
strain transfer between the structure and the PZT package.  
To improve the survivability of piezoceramics a number of strategies have been 
investigated and can be categorised into either:  
1. Manipulation of the piezoceramics mechanical properties. 
2. Manipulation of the interlayer/s between the structure and the piezoceramic 
element. 
Work in this regard has been performed in the context of improving the functionality of 
transducers or that of vibration and shape control actuators. These details are now 
discussed.  
2.4.1 Manipulation of piezoceramic properties 
The manipulation of piezoceramic properties allows the piezoceramic element to be 
altered to improve the mechanical performance. There are three strategies available that 
can be used to achieve this: 
 Single crystal piezoceramic. 
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 Composite transducers. 
 Sol gel laminates. 
2.4.1.1 Single crystal piezoceramic  
Single crystal wafer piezoceramics develop very high electromechanical coupling and 
large strain ((TRS, 2009), p1). The wafers are capable of generating 5000 µɛ usable strain 
((TRS, 2009), p1) much larger than that achievable with standard polycrystalline monolithic 
piezoceramics. However the lack of grain boundaries in the crystal wafer means it does 
not have the fracture toughness of polycrystalline materials. 
2.4.1.2 Composite 
Composite transducer designs allow the benefits of polymer and ceramic materials to be 
combined with novel electrical connectivity to produce flexible, robust, and responsive 
transducers. These also offer the possibility of being attached to the structure as an 
intelligent paint ((Zhang, 2004), p365). 
Safari et al. (1982), (p207) developed a composite piezoelectric transducer from PZT 
spheres and polymer resins. This produced a more compliant transducer with better shock 
resistance. However it was found that the composite distorted during poling due to the 
heat, and the radial electromechanical mode was compromised by their design. Both the 
frequency constant and coupling coefficient were much lower than for monolithic PZT. The 
implications of these are that the transducer resonance will occur at lower frequencies and 
the devices will be less efficient at converting electrical energy to mechanical energy and 
vice versa by comparison to monolithic piezoceramics. 
Brunner et al. (2009), report on piezoelectric active and macro fibre composite 
transducers. These were reported as more conformable than monolithic piezoceramic 
transducers but limited to operating temperatures less than 80ºC and less than 66ºC 
respectively. Because flexible transducers incorporate polymers into their design, it limits 
their use to low temperatures ((Kobayashi et al., 2007), p 1). 
2.4.1.3 Sol-gel laminates 
Transducers developed by Kobayashi et al. (2007), (p1) using sol-gel laminate 
construction were highly flexible. The flexibility of the design was attributed to the 
combination of transducer thinness (thickness was approximately 150 µm) and the 
porosity estimated to be 20% by volume. The operating frequency range of these devices 
was 2.4 MHz to 13.8 MHz. The smaller the scale of the piezoelectric material the higher its 
frequency response becomes. For composite NDT applications the higher frequencies are 
generally undesirable because the waves are not able to propagate far through the 
structure. 
In general the thinner the active layer the more its internal shear stresses are reduced and 
greater flexibility is achieved. Thinner transducers are also desired for saving weight and 
use in the manufacture of multilayer designs, though in comparison to the overall weight of 
a structure the combined weight of the transducers is minimal. A consequence of using 
highly porous media to form the piezoceramic element is that increasing the porosity 
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produces a linear decrease in the dielectric constant, electromechanical coupling factor 
and mechanical quality factor of the piezoelectric ceramic ((Biswas, 1978), p462).  
2.4.2 Manipulation of bond interlayer properties 
Manipulation of the bond interlayer properties between the structure and the piezoceramic 
element can be used to alter the strain transferred from the structure to the element. This 
approach whilst effective in protecting the element from excessive strain also attenuates 
the signal transfer from the piezoceramic to the structure and vice versa. Therefore there 
is a trade-off between protecting the PZT transducer from excessive strain and damage 
detection sensitivity ((Brunner et al., 2009), p1053).  
Depending upon what the required transducer operating parameters are it is necessary to 
consider bondline properties in terms of both strain mitigation and signal transmission 
characteristics. Suganuma et al. (1984), (p257) showed that there was an optimum 
interlayer thickness; if too thin or too thick the stress in the interlayer would not be 
minimised. The strength of an adhesive bond is usually highest with the thinnest bond line 
((Meyer, 1985), p530) but this is not conducive to reducing strain transfer where a thicker 
bondline is better. As the adhesive layer thickness increases the change has negligible 
effect on structural resonance, however the detected magnitudes of the resonance peaks 
become less prominent as a result of adhesive losses ((Dugnani, 2013), p1920). 
Bond strength is also affected by the bondline geometry ((Ferreira et al., 2005), p1). In an 
adhesive joint where the adhesive is constrained by rigid adherends, thin bondline fracture 
toughness is linearly proportional to thickness, the adherend restriction acts to increase 
the mean stress level within the adhesive layer ((Yan et al., 2001), p32). As bond 
thickness is increased the fracture strength increases until a critical bond thickness is 
reached whereupon fracture toughness is maximised ((Yan et al., 2001), p35). After this 
point as the thickness of the bondline is further increased its fracture toughness starts to 
decrease. This is a result of blunting of the crack tip with applied load ((Yan et al., 2001), 
p43), the thicker bondline allows necking and lateral deformation to occur resulting in loss 
of joint strength ((Yan et al., 2001), p40). The effect of bond line thickness is significant 
leading to changes to the bond fracture surface morphology, for example as demonstrated 
by Yan et al. (2001), (p38) the thinnest bondline produced a brittle fracture surface 
whereas for the thicker bonds more plastic deformation occurred and the surface 
morphology reflected this ductile fracture.      
A modified version of the theory of one dimensional bonded joint was proposed by 
Blackshire et al. (2006), (p286) who used it to show that the load transfer between the 
structure and a surface mounted sensor is a shear loading process. With strain transfer 
able to be altered by changing the intermediate layers thickness or stiffness. Van Den 
Ende et al. (2009), (pp.165-170) demonstrated that a compliant adhesive such as one 
based upon flexible silicone reduced stresses in multilayer piezoceramic actuators by at 
least 25%. 
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The concept of the standoff element was proposed by Rajic (2010) as a method of 
reducing strain transfer to surface bonded transducers by manipulation of the interlayer 
properties in this case structural stiffening elements to mitigate strain transfer between the 
transducer and the host structure. The authors demonstrated the effectiveness of this 
method in reducing stress in the transducer. Highlighted was that the design of the 
standoff element must consider the potential affect upon acoustic transduction efficiency.   
Qing et al. (2006a) has demonstrated that bondline thickness alters the magnitude of the 
real impedance at the resonant frequency of the bonded piezoceramic element. For 
example at a frequency of around 500 kHz as bondline thickness was increased the real 
part of impedance increased ((Qing et al., 2006), p625). At this frequency they found better 
coupling between transducer and structure was achieved for a 40 µm thick bondline than 
for a 10 µm thick bondline. But at a lower frequency of around 50 kHz the opposite effect 
was true ((Qing et al., 2006), p627). An important observation of this work is that for a 
bondline 10 µm thick the impedance and sensor signal response are relatively insensitive 
to the adhesives’ elastic modulus. Whilst for a bondline 40 µm thick the response to 
adhesive modulus becomes more sensitive at higher frequencies of around 500 kHz. 
Ha and Chang (2010) examined the effects of the adhesive bond layer on wave 
propagation. To maximise the amplitude of a particular Lamb wave mode it is necessary to 
optimise the energy transfer process between the transducer and the structure. For 
excitation frequencies much less than the transducers resonant frequency it is 
recommended that thin bondlines of a high shear modulus adhesive be used. The work 
showed that for A0 and S0 modes maximum signal amplitude was achieved by considering 
both shear lag and resonant phenomenon. The analysis of Moharana and Bhalla (2014), 
(p1307) agrees, for “better electro-mechanical interaction sensor length and bond 
thickness should be minimised and adhesive complex shear modulus should be 
maximised”.  
Where resonant frequency excitation is sought, then for thin transducers a thick, low shear 
modulus bondline is optimum, whereas for thick transducers a thin, high shear modulus 
adhesive is best ((Ha and Chang, 2010), p8). However as Ha and Chang (2010), (p1) 
point out, under certain circumstances the signal amplitude increases with increasing 
bondline layer thickness which is contrary to the shear lag model prediction. This 
behaviour is caused by a resonant effect, where an increasingly thick bond line produces a 
shift in PZT first resonances toward lower frequency, increasing the dominance of the PZT 
transducers resonances ((Yang, 2008), p8). 
In fact both shear lag and resonant behaviour control the strain transmission 
characteristics of the bond layer. Given that thickness and modulus of the bonding layer 
greatly influence signal transmission and sensor strain, the use of adhesive to bond 
transducers does have limitations. Adhesive thickness is difficult to control and may not be 
uniform and its stiffness can vary depending upon the curing conditions ((Ha and Chang, 
2010), p2).    
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2.4.2.1 Shear lag 
Actuator induced strain is transmitted to the structure through the bonding layer interfacial 
shear stress ((Kundu, 2007). Shear lag is defined as the ratio between the strain at the 
host structures surface to the actual actuation strain of the transducer ((Park and Sohn, 
2003), p454).  
Shear lag attenuates the transfer of shear between a surface mounted transducer and a 
structure. It is a function of the intermediate bonding layers thickness and its shear moduli 
((Crawley and De Luis, 1987), p1376). Shear lag contributes to loss of strain transfer 
between the transducer and the structure reducing the effective area of the transducer 
((Sirohi and Chopra, 2000b), p256), the effect is such that the transducer appears to the 
structure as if its dimension is smaller than it actually is ((Dugnani, 2009), p1554). 
According to shear lag theory (Baker et al., 2004) it is desirable for the best transmission 
between a transducer and the structure to have a good bond and a high modulus actuator. 
The effect of shear lag becomes less significant as the bond layer thickness reduces 
((Yang, 2008), p7). A one dimension analysis shows that a thick bondline produces a slow 
transfer of strain and stresses over the entire  transducer, whereas a thin bondline 
produces a rapid transfer and shear stress is confined to an infinitesimally small area at 
the ends of the transducer  (ideal bonding concept) ((Kundu, 2007), p245). 
The effect of shear lag reduces as shear modulus increases ((Crawley and De Luis, 1987), 
p1376). An infinitely stiff (high modulus) adhesive would eliminate shear losses, but would 
also prevent the radial motion of the transducer altogether ((Dugnani, 2013), p1914). 
Typically the modulus of the bonding layer is lower than that of either the transducer or the 
structure this significantly affects local stress distribution ((Han et al., 2008), p5600). A stiff 
bondline produces large shear stress values concentrated at the ends of the transducer 
((Pietrzakowski, 2001), p7895) this increases peel stresses and the likelihood of edge 
delamination. A low modulus (soft) bondline produces an approximately linear shear stress 
distribution ((Pietrzakowski, 2001), p7895) over a larger area of the actuator. This reduces 
the risk of delamination but increases damping whereby reducing coupling effectiveness.  
Han et al. (2008), (p5599) agrees that bond layer modulus and thickness have significant 
effect upon sensor response and adds that “the viscosity of the bonding layer is relatively 
less important”.  
2.4.2.2 Protective film layers 
The use of a protective polyimide layer on transducers has been demonstrated by Crawley 
and De Luis (1987) with encapsulation of embedded PZT actuators to electrically insulate 
them from the graphite epoxy composite. The presence of the polyimide layer did not 
reduce the effectiveness of the actuator (p1384). Polyimide ((Ling et al., 2004), p318), 
((Ang et al., 2010), p762) is also used as a protective layer on FBG sensors to improve 
handling characteristics of the fragile fibre. For the protective layer to be effective it must 
create a good interface ((Wei et al., 2001), p4). The layer modifies the strain transfer 
process, the best strain transfer between structure and sensor is obtained for sensors with 
46 
 
no coating ((Wei et al., 2001), p1). Kreuzer (2007), (p4) recommends that polyimide be 
used for coating FBG where the sensors are to be used for strain sensing. 
2.5 Benefits provided by PVDF and by welding 
PVDF is widely applied as a protective barrier against chemicals, solvents and moisture, it 
has high mechanical strength, is abrasion resistant, and has excellent resistance to fatigue 
upon cyclic loading ((Humphrey and Amin-Sanayei, 2001), p516). The bond formed 
between PVDF and CFRP during the co-cure process is extremely strong and it is not 
possible to determine a distinct interface between the two materials. Welding additional 
layers of PVDF to the CFRP-PVDF surface or a suitably coated transducer does not 
create an additional interface boundary at the weld site. PVDF welding creates a unique 
bond layer connection to the structure which has no distinct interface along which moisture 
(or chemicals) can directly ingress into the weld to initiate debonding or alter material 
properties, no distinct interface along which stresses can initiate peeling and debonding. 
For a structure with an existing protective coating of PVDF the attachment of a transducer 
by welding does not create a breech in the protective barrier. This is unlike the process of 
attaching a transducer to a structure with epoxy adhesive which requires that the 
protective surface layers (i.e. paint) be abraded to improve bond adhesion.   
A transducer can easily be completely encapsulated in PVDF using moulding processes 
and PVDF coated (Kynar) copper conducting wire is commercially available. These basic 
components can be used to construct a hermetically encapsulated transducer with only the 
electrical connection copper wire surface interfaces producing a break in the PVDF layer. 
The tensile modulus and Poisson’s ratio of PVDF are comparable to epoxy and 
cyanoacrylate adhesives used to bond transducers to structures. Commercially available 
Arkema Kynar ADX PVDF comes in a “range of rigid and flexible versions” ((Arkema, 
2008b), p2). 
The welding process is simple and quick, in its crudest form requiring that the weld site 
surfaces be cleaned with isopropanol, heated with a hot air gun to melt temperature and 
pressed together until the material has cooled sufficiently. Additional layers of PVDF film 
can be used to increase the bond thickness or alternatively if a moulded transducer is 
used these can presumably be provided in a range of interface thicknesses to suit the 
desired application. 
2.6 Chapter Summary 
PZT transducers are the leading transducer type for implementation into active distributed 
surface mounted SHM systems. The material properties of piezoceramic places a limit on 
the strain to which it can be exposed before permanent damage occurs. Unfortunately this 
limit is below industry requirements and is a major factor preventing the implementation of 
these transducers onto composite structures. Permanent damage to either the 
piezoceramic element or to the bond layers used to attach it to the structure changes the 
signal transmission pathway. To a SHM diagnostics system this change may be 
interpreted as damage resulting in the false identification of phantom or real structural 
damage. 
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Of the various methods of protecting the piezoceramic element from damage, selective 
placement within a structure and attenuating the strain transfer between the host structure 
and the element are effective strategies. The attenuation of strain can be achieved by 
increasing the thickness or reducing the modulus of the material layers between the 
structure and the transducer element. There is however a trade-off between strain 
attenuation and sensor detection sensitivity. 
2.7 Hypothesis 
The previous sub-sections of this Chapter have outlined the major challenges of the 
application of piezoceramic transducers for monitoring aerospace structures. They clearly 
show that transducer durability is a major factor limiting the successful transition of SHM 
methodologies to practical applications. 
The fundamental proposal suggested in this thesis is to use functional thermoplastic layers 
to prepare surfaces of thermoset composite laminates and piezoceramic transducer 
elements to improve the protection of surface mounted piezoceramic transducers from 
damaging effects of high strain structural loading. Apart from improving the durability of the 
transducer, the technique has the additional advantage of using thermoplastic welding as 
an effective and reliable method to attach the transducers.  
Thermoset composite welding (TCW) is a patented technology invented by the Cooperate 
Research Centre for Advanced Composite Structures (CRC-ACS) to create a strong 
interface between a thermoset polymer and a thermoplastic fluoropolymer (PVDF) during 
the curing process of the thermoset polymer ((Beehag et al., 2012)). The process allows 
carbon-epoxy laminates to be welded together, which overcomes many of the 
disadvantages of current aircraft assembly methods such as adhesive bonding, 
mechanical fasteners or co-curing. The basic idea of the TCW method was extended in 
this thesis to create functional thermoplastic surfaces on the carbon-epoxy substrate and 
the PZT disc to enable attaching the transducers using conventional thermoplastic welding 
processes. 
Using this technique it is hypothesized that the acousto-mechano performance of 
piezoceramic transducers bonded by thermoplastic fusion welding will improve compared 
to adhesively bonded transducers. With the superior environmental characteristics of 
PVDF and the efficient and reversible thermoplastic welding process the project will make 
a significant contribution to advance SHM methods and potentially bring them closer to 
practical application.  
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Chapter 3  
Materials and Sample Preparation 
 
This chapter provides an overview of the sample preparation processes, describes the 
materials used to construct specimens and the experimental apparatus and choices made. 
Two types of specimens were prepared for primary experimental testing; static test 
specimens consisting of two butt joined cylindrical copper adherends (Figure 3.1) and 
fatigue test specimens consisting of two PZT transducers mounted on a carbon fibre 
reinforced polymer – polyvinylidene fluoride (CFRP-PVDF) co-cured substrate  (Figure 
3.2).  
The static tests were performed to investigate the effect of different bondline thickness and 
surface roughness combinations on adhesive tensile failure strength, and to determine 
optimal surface roughness for adhesive bonding of copper. The copper adherends were 
used to mimic the bonding surface of the copper foil electrical connection layers used in 
fatigue sample construction. The fatigue tests were conducted to investigate performance 
differences between transducer package designs.  
 
Figure 3.1. Static tensile specimen testing 
 
Figure 3.2. Fatigue specimen testing 
 
3.1 Experiment sample configurations 
Four experimental fatigue testing rounds were conducted; the first two were used to test 
the data logging equipment and experimental parameters, the last two to examine 
differences between transducer attachment methods.  
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The transducer package design tested during experiment rounds 1 and 2 used copper foil 
adhesively bonded to the top surface of the wraparound PZT electrode (Figure 3.3) to form 
the electrical connections. The use of the copper foil electrode connection method was 
discontinued after it was noticed that: 
 The copper electrode layer masked visible assessment of PZT element fracture. 
 In some instances, following element fracture, the copper foil caused irregular 
contact between the disc fragments producing inconsistent transducer voltage 
output and impedance signals.  
And the additional concerns of: 
 The potential for the copper foil to form a capacitive element (copper foil -
cyanoacrylate (as a dielectric layer) – silver electrode) in series with the PZT 
ceramic element. With the same concerns regarding irregular contact and the effect 
on transducer output voltage and impedance signals. 
 The copper foil layer altering the stress distribution throughout the thickness of the 
transducer as indicated by FEA analysis and by Okayasu et al. (2010b), (p1447) 
that the stress strain relationship for PZT samples subjected to bending (not 
attached to any substrate) is affected by the electrode material layers which are 
much thinner than the copper foil layer used in these experiments. 
Therefore results of these first two rounds of testing were used to refine the sample 
design, sample fabrication, and experimental procedures. The data from fatigue testing 
experiment rounds 1 and 2 are not discussed in this report.  
A simpler design using conductive ink to form the electrical wire connection (Figure 3.4) 
was used to prepare samples for fatigue testing experiment rounds 3 and 4, for which the 
data is presented in this thesis.  
 
 
Figure 3.3. Copper electrode wire connections 
 
 
Figure 3.4. Conductive ink wire connections 
10 mm 10 mm 
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Static test specimen (Figure 3.5) adherend surface texture was altered by using different 
grades of grinding media. Adhesive bondline thickness was controlled by using spacing 
shims to hold the adherends a specific distance apart whilst the adhesive cured. Two 
adhesives were used in these tests, a cyanoacrylate adhesive (RS Components (RSC) 
part number 330-4002) and a two part epoxy adhesive (Hysol® EA 9390). The adherends 
were reused for subsequent tests ((ASTMD2094-00, 2007), p146) after being reprocessed 
by removing used adhesive, regrinding, and cleaning. Only the results for cyanoacrylate 
adhesive testing are reported. 
Fatigue test specimens were fabricated from a specially prepared CFRP-PVDF substrate 
with a PZT disc transducer welded with PVDF to one side of the substrate and a PZT disc 
cyanoacrylate adhesive bonded on the opposite side. At the completion of the testing the 
PZT transducers were de-bonded from the CFRP-PVDF substrate so that examination of 
the individual piezoceramic discs could be performed.  
 
 
Figure 3.5. Cylindrical copper butt joined static tensile test specimen 
 
The process flow for static specimen sample preparation and testing is shown by Figure 
3.6, Figure 3.7 shows the process flow for fatigue sample preparation and testing.  
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Figure 3.6. Static experiments flow diagram 
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Figure 3.7. Fatigue experiments sample preparation and testing flow diagram 
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3.2 Sample preparation 
To aid sample preparation and to help to achieve consistent sample reproduction a 
number of devices were designed and fabricated. The use of these apparatus is described 
in appendix sections A.4 to A.6.  
The devices used to aid static tensile sample preparation are: 
1. Specimen grinding jig (Figure 3.8)  
2. Adhesive vacuum mixer (Figure 3.9) 
3. Static specimen gluing jig (Figure 3.10) 
4. Static tensile test jig (Figure 3.11) 
 
 
 
Figure 3.8. Specimen grinding jig 
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Figure 3.9. Adhesive vacuum mixer  
 
  
55 
 
 
 
 
 
 
 
 
 
 
Figure 3.10. Static specimen gluing jig 
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Figure 3.11. Static tensile test jig 
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The devices used for preparation of fatigue testing samples are: 
1. Specimen grinding jig (Figure 3.8) 
2. Fatigue specimen gluing jig (Figure 3.12) 
 
 
  
 
Figure 3.12. Fatigue specimen gluing jig 
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3.2.1 Common sample preparation processes 
Processes common to the production of static and fatigue test specimens are described 
here to reduce repetition of process description in this chapter. 
3.2.1.1 Surface cleaning 
Prior to bonding or to the application of surface coating treatments all surfaces (with the 
exception of PVDF surfaces) were cleaned with acetone. This was used in conjunction 
with lint free wipes, or by using the acetone rinsing and ultrasonic cleaning process 
described in appendix section A.1. For all treated surfaces the minimum drying time 
between cleaning and subsequent use was 20 minutes ((ASTMD2093-03, 2007), p143). 
PVDF surfaces were cleaned with isopropanol and lint free wipes prior to welding 
((ASTMD2094-00, 2007), p146). The use of propanol for cleaning PVDF surface prior to 
welding is indicated by Beehag et al. (2012), (p13). A minimum drying time of 30 minutes 
was allowed between cleaning and use.  
The surface preparation techniques produced CFRP, copper and silver electrode surfaces 
with contact angles measured by the sessile drop method and shown in Figure 3.13. Note 
that maximum and minimum sample values are shown by the range bars. 
 
Figure 3.13. Mean surface contact angle  
 
The contact angle results for water and for dimethyl sulfoxide (DMSO) on the abraded 
CFRP are similar to the values reported by Thang and Liew (2012), (p6) for hand sanded 
and for grit blasted CFRP surfaces, The small contact angle for cyanoacrylate is indicative 
of good surface wetting and therefore good surface preparation for adhesive bonding.  
3.2.1.2 Grinding 
The grinding stabiliser (Figure 3.8 and Figure 3.15) used to hold adherends so that they 
could be ground is based upon the concept of an EA Fischione model 160 specimen 
grinder. The model 160 is used to prepare specimens for transmission electron 
microscopy (TEM). It stabilises the specimens during grinding producing samples with 
consistent “uniform thickness and parallel sides” ((EAFischione, 2013), p2). To avoid 
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problems associated with surface rust the grinding stabiliser body and wear plate were 
fabricated from stainless steel alloy (AS2837-1986-431).  
The adherend clamp body assembly (Figure 3.15) is held within the stabiliser during 
grinding. The jig holds the adherend perpendicular to the grinding media and its large 
diameter prevents edge rollover during grinding. The adhesive bond surfaces of static test 
specimens were ground using the range of grades of carborundum abrasive paper shown 
in Figure 3.18. A “figure of 8” grinding pattern (Figure 3.14) was used to produce even 
abrasion across the adherend surface (Figure 3.16).  
 
Figure 3.14. Grinding plates 
 
Figure 3.15. Grinding stabiliser and adherend clamp 
assemblies (undersides shown) 
  
The grinding methodology was developed qualitatively and quantitatively. During 
development, cross hatch grinding (Figure 3.14 and Figure 3.17) was used intermittently to 
assess the evenness of the grinding process. Shallow scratches were made in one 
direction and then the specimen was examined. Then shallow scratches were made at 
approximately a 90° orientation to the first set and the surface examined again. For both 
inspections the production of an even distribution of scratches over the whole surface 
indicated a flat surface being evenly abraded.  
 
Figure 3.16. Figure of 8 ground adherend surface 
 
Figure 3.17. Cross hatch ground adherend surface 
 
Figure of 8 
grinding pattern 
Cross hatch 
grinding pattern 
Sheet 2 Plate 2 Sheet 1 Plate 1 
Adherend clamp 
body assemblies 
Grinding 
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30 mm 
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To further assist visualisation of the uniformity and completeness of the surface grinding 
process, clamp and adherend grinding surfaces were painted with a thin coating of Dy-
Mark engineer’s layout ink (Figure 3.15). Uneven or incomplete surface grinding showed 
as areas of blue amongst areas of exposed metal. 
The quality of the alignment of ground adherends held in the matched clamp pairs was 
checked in the alignment sleeve using a thin layer of bearing blue (Power Plus® Bearing 
Blue). The compound was smeared onto the ground clamp and adherend surface of one 
of the pairs. The pairs were pressed together and then separated, even transfer of bearing 
blue compound from one half to the other half indicating good surface matching between 
the adherends and clamp bodies. 
After this initial methodology development, the uniformity of surface preparation was 
assessed for 24 adherends which had been ground with P600 grade of carborundum 
abrasive paper. Two locations were chosen at random on each adherend and measured 
using a Taylor Hobson Surtronic® 3+ surface texture measuring device.  
The surface texture value are presented as the average value of 10 individual 
measurements of the arithmetic mean deviation (Ra) of the profile from the mean line 
((Taylor Hobson, 2001), p4), ((Youssef and El-Hofy, 2008), p575). Ra is defined as; 
   
 
 
∫ | |  
   
   
 
Where L is the sample length, y is the vertical distance from the mean line (centreline).  
The average Ra value for these samples was 0.29 µm with a range of 0.16 µm to 0.43 µm, 
this average is within the expected range of values for surface lapping of 0.05 µm to 0.4 
µm ((Standards Australia, 1993), p218), ((Taylor Hobson, 2001), p27). Details of the 
measuring parameters are described in appendix section A.2. 
The Surtronic 3+ device was also used to measure the surface texture produced on the 
copper adherends after grinding with each grade of abrasive paper. The results are shown 
in Figure 3.18. Note the range bars indicate the maximum and minimum data value.  
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Figure 3.18. Copper surface roughness produced by each abrasive paper grit  
(Note: Green bars use secondary green axis scale. Source: Average abrasive particle size FEPA2013) 
 
3.2.2 Static specimen gluing jig 
The static specimen gluing jig (Figure 3.12) keeps the clamp body adherend assemblies 
and spacing shim aligned whilst adhesive injection and then curing occurs. The procedure 
for using the gluing jig is described in appendix section A.6. This configuration was used 
for room temperature (22°C to 24°C) curing of cyanoacrylate adhesive and for elevated 
temperature curing of epoxy adhesive. Briefly discussed here is the design of the jig and 
its components. 
3.2.2.1 Shims 
The control of adhesive bondline thickness (static and fatigue specimens) was achieved 
using spacing shims to control the relative displacement of the adhesive bonded 
adherends and hence the bondline thickness. Static test specimens were prepared using 
brass shims etched from sheet and foil. Brass was used because of its availability and 
because it allowed if necessary for cured epoxy adhesive to be burnt out of the clamping 
assembly if it became accidentally bonded together. During the production of fatigue test 
samples a combination of aluminium foil, brass foil, and Kapton film shims were used to 
control the bondline thickness of the adhesively bonded PZT discs. 
3.2.2.2 Clamp bodies 
The clamp bodies (Figure 3.10) were manufactured from centreless ground alloy steel 
(AS1444-1996-4140) bar. Each upper and lower clamp pair was initially manufactured as a 
single piece. The inner bore of the clamp pair was drilled and precision reamed. This tube 
like section was stamped with alignment marks before it was cut in half to form the two 
individual clamp bodies. This order of manufacturing process was undertaken to produce 
clamp sets with good axial alignment. The positioning of the clamp screws on the clamp 
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bodies was chosen to press the adherends towards the same side of the clamp bodies to 
produce the best possible adherend axial alignment.  
To control the thickness of the adhesive bondline the two adherends are spaced a set 
distance apart using shims. The shims separate the clamping blocks in which the 
adherends are secured. This method relies on both the adherend surface and the 
clamping block surface being in the same plane. Thus the separation distance between 
the clamps corresponds to the distance between the adherends. 
3.2.2.3 Alignment sleeves 
The alignment sleeves were manufactured from stainless steel alloy (AS2837-1986-316L). 
Stainless steel was chosen to avoid problems with surface rust formation on the inner bore 
of the sleeves reducing the sleeve to clamp body clearances.        
3.2.2.4 Injection sleeve 
Free machining brass (UNS C38510) was used to make the injection sleeve. The small 
radial clearance between its innermost bore and the adherend reduces the volume of glue 
able to be lost external of the bondline and allows clearance between the inner bore of the 
sleeve and the adherend surface to minimise the transfer of mould release from the 
injection sleeve to the adherend during gluing jig assembly.  
The function of the location of the adhesive injection and vent holes in the injection sleeve 
was checked by observing the injection flow using clear acrylic discs inserted into an 
injection sleeve. Rapid injection caused the liquid to flow too rapidly around the adherend 
sleeve gap. These converging fronts then cover over the central flow front that is 
progressing within the gap between the adherends trapping air within the bondline (Figure 
3.19). A slow and steady injection rate was found to produce uniform growth of the 
adhesive front and reduce the occurrence of air entrapment. 
 
Figure 3.19. Adhesive injection flow partial cover over 
 
3.2.2.5 Caps, bases, and spacing washers 
The caps, bases, and spacing washer are all manufactured from the aluminium alloy 6061 
T6, this material was chosen because of its low cost and ease of machining. The spacing 
Fractured 
adhesive surface 
Air void 
Flow fronts 
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washer and bases are machined to allow clearance around the adherend so that the 
clamping force is applied to the clamp body surfaces only.  
3.2.2.6 Tensile test fittings 
The fittings (Figure 3.11) used to secure the adherends in the tensile testing machine were 
designed to speed up the process of testing. Test caps and the clevis mounts were made 
from alloy steel (AS1444-1996-4340). The pins used to secure the adherends in the test 
caps were commercially available 4 mm diameter high speed steel drills.  
3.2.3 Adhesives 
Two types of adhesive were used bond the copper adherends during the preparation of 
static test samples. For the preparation of the fatigue test specimens cyanoacrylate 
adhesive was used.  
3.2.3.1 Aerospace epoxy 
Two available two part aerospace epoxy adhesives were considered for use, Henkel 
Hysol® EA 9309.3NA and Hysol® EA 9390. EA 9309.3NA was considered because it can 
be cured at room temperature. This avoids thermal expansion induced residual strain 
between adherends and the adhesive caused by high temperature curing. However the 
adhesive contains 130 µm diameter glass beads which precluded its use for very thin 
bondlines. The minimum cure temperature for Hysol® EA 9390 is 93°C for 220 minutes 
((Henkel, 2001), p2). “Residual stresses can be reduced if the cure temperature can be 
lowered” (Wu,1996), p255). To find a cycle that used a lower temperature cure a 
differential scanning calorimetric (DSC) analysis was performed on a sample of freshly 
mixed adhesive. From this data a lower temperature cure cycle at 70°C (Figure A.7.43) 
was derived and used. 
3.2.3.2 Cyanoacrylate 
The cyanoacrylate adhesive used for fatigue specimen production during this project was 
Loctite superglue precision liquid which contains greater than 80 weight % ethyl-2-
cyanoacrylate ((Henkel, 2010), p1). This adhesive was chosen for its availability, ease of 
use, simplicity of cure conditions, and ease of removal from post-test specimens.  
The ideal cure conditions for cyanoacrylate adhesives are a temperature between 20°C 
and 30°C and a relative humidity range of between 30% and 65% ((Vishay, 2011), p1), 
((Toagosei, 2009), p1). Loctite (1997), (p1) recommend at least 24 hours be allowed for 
curing. The rate of curing is dependent upon the type of substrate, the thickness of the 
bondline (longer period required for thicker bondlines), and the relative humidity ((Loctite, 
1997), p1). To reduce any possible effect of variation in time of cure for the different 
bondline thicknesses, samples were tested between 68 hours and 72 hours after gluing. 
3.2.3.3 Injection Process 
The time period between the start of the first specimen gluing to the final specimen gluing 
was between 15 minutes to 60 minutes. The adhesive injection process (Figure 3.20) is 
described in appendix section A.6. 
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Figure 3.20. Holding gluing jig for adhesive injection 
 
Figure 3.21. Glued adherends ready to be loaded 
 
Following adhesive injection, samples were capped and loaded with two 0.8 kg masses 
(Figure 3.21). The cyanoacrylate specimens were cured on a bench at room temperature 
for 24 hours before being unclamped and then stored until testing. For the epoxy bonded 
adherends samples were placed on a large aluminium plate and subject to the 70°C 
temperature cure cycle (Figure A.7.43).  
3.2.4 Static specimen preparation 
Each adherend, alignment sleeve, brass shim, clamp body, and injection sleeve (Figure 
3.22) is individually numbered (Figure 3.23). The preparation of the static tensile test 
specimens and the testing of these throughout this project used the same combination of 
component numbers. This process provided a method by which test results were able to 
be examined for indications of bias caused by either the jig components or by the 
manufacturing order. The fabrication procedure is explained in detail in appendix section 
A.6. 
 
Figure 3.22. Static sample gluing jig components 
 
Figure 3.23. Component part number locations 
 
Alignment sleeve 
and centreless 
base (far right) 
Clamp body 
Injection sleeve 
Adherend 30 mm 12 mm 
Brass shim 
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To minimise the manufacturing variation between the test specimens, the components 
used (Figure 3.22) for gluing were manufactured within a small tolerance range. Final 
manufactured component dimensions are shown in Figure 3.24 and Figure 3.25. Note that 
maximum and minimum sample values are shown by the range bars. 
 
Figure 3.24. Static components diameter range 
 
Figure 3.25. Shim thickness range 
 
These values were used to construct a worst case estimate of axial misalignment and 
angular misalignment ((ASTMD2094-00, 2007), p148) between the glued adherends. This 
showed that samples were within the tolerance ranges set in the standard. 
3.2.4.1 Adherends 
The test specimen adherends were manufactured from copper (UNS C11000) round bar. 
This is the same alloy as the 76 µm thick copper foil used to create the electrical 
connection pads (Figure 3.3) used in fatigue testing experiment numbers 1 and 2.  
Cylindrical adherends were used to simplify the manufacturing of the sample preparation 
jigs and specimens. The manufactured tolerance range is shown in Figure 3.24. Post 
manufacture annealing of these at 400°C ((American Society for Metals, 1996), p301), 
((Commitee, 1981), p720) for 60 minutes was undertaken to return the copper to soft. 
3.2.5 Fatigue testing sample preparation 
The fatigue test specimens (Figure 3.26, Figure 3.27 and Figure 3.29) were prepared by 
first forming the test substrate strips with a PVDF surface layer on one side. Additional 
PDVF discs were welded to the substrate to build up the PVDF layer thickness at the 
designated PZT disc weld sites. Specially prepared PZT transducers were then 
simultaneously welded to the strips. Next, PZT transducers were adhesively bonded with 
Loctite superglue precision to the CFRP surface of the substrate on the opposite side to 
the PVDF welded PZT disc. The adhesive bond layer thickness was controlled using 
shims and determined by the thickness of the PVDF weld layer. The fabrication procedure 
is explained in detail in appendix section A.6. 
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Figure 3.26. Round 4 fatigue test specimen section sketch 
for 100 µm bond thickness 
 
Figure 3.27. Side view of round 4 fatigue test 
specimen 
 
3.2.5.1 Substrate preparation 
All CFRP-PVDF specimens were produced using Hexcel Hexply® M18/1/43%/G939 four 
harness satin fabric as a general symmetric ((Reddy, 2004), p150) cross ply layup 
[(0/90)2]s. This material has a cured single ply thickness of 0.23 mm and nominal fibre 
volume of 55% with equal warp and weft fibre counts ((Hexcel, 2012), p8). The materials 
0º and 90º tensile and compressive strengths are identical. Slight differences exist 
between the materials 0º and 90º tensile modulus at 65 GPa and 67 GPa and the 0º and 
90º compressive modulus at 64 GPa and 62 GPa respectively ((Hexcel, 2007), p1).     
A 140 mm x 390 mm x 50 µm thick PVDF film layer was added as a strip across the centre 
surface of one side of the 390 mm x 330 mm CFRP panels during layup (Figure 3.28). 
Also shown in this figure is the relative orientation of a final cut test specimen. 
 
Figure 3.28. CFRP-PVDF film layup 
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The panels were co-cured as per Beehag et al. (2012), (p13).These substrates were then 
trimmed to 355 mm x 310 mm using a water jet cutter and four 50 mm x 370 mm strips of 
CFRP were bonded to form end tabs using Cytec FM® 300K film adhesive and the 
manufacturer recommended cure cycle. 
Assembled panels were then water jet cut into 11 strips 310 mm long x 30 mm wide 
(Figure 3.29 and Figure 3.30). These strips were measured ((ASTMD3039, 2008), p80) 
and eight of the strips with the most uniform thicknesses and widths ((ASTMD3039, 2008), 
p83) were selected for test substrates. The remaining strips were used to develop 
processing and testing parameters. Test substrate dimensions are shown in Table 3.1 and 
Figure 3.29.  
Table 3.1. CFRP substrate average width and thickness 
 
Width (mm) Thickness (mm) 
 
Average 
(mm) 
Standard 
deviation (%) 
Average 
(mm) 
Standard 
deviation (%) 
Round 2 30.09 0.04 2.25 4.01 
Rounds 3 and 4 29.98 0.21 2.25 2.24 
 
Figure 3.29. CFRP fatigue test specimen dimensions  
 
3.2.5.2 Measurement of CFRP test substrate tensile load strain 
To establish the load and strain parameters needed for programming of the fatigue test 
cycles in the Instron tensile testing machine the eight selected CFRP-PVDF test 
specimens were subjected to static tensile tests up to 6000 µɛ. Specimens were tested 
using an Instron hydraulic tensile testing machine (model number 1342) fitted with a 100 
kN load cell with hydraulic serrated grips, grip pressure was set at 2100 psi (14.48 MPa).  
Strain was measured using a 50 mm extensometer with knife edges surface mounted to 
the CFRP only surface on the gauge area of the test substrate. Prior to testing the grip 
surfaces on the CFRP specimen end tabs was abraded to remove the surface gloss using 
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P320 grade carborundum sandpaper. The surface gloss was also removed from the knife 
edge contact locations on the gauge area. The static testing process also served the 
secondary purpose of bedding in the test specimen to the hydraulic serrated grips.  Post-
test examination of the specimens gripped surfaces showed no sign of slippage between 
the CFRP end tab surfaces and the grips. 
Each specimen was tested a minimum of three times and the test data averaged to 
produce the fatigue testing load parameters (Table 5.4).  On occasion at strains higher 
than 5000 µɛ the extensometer knife edges were observed to slip. For each of these 
particular instances the data was discarded and the test repeated. 
3.2.5.3 Increasing PVDF layer thickness 
Limited quantities of suitable PVDF film were available for use. To conserve stock the test 
substrates were fabricated with a single layer of PVDF material on one side of the CFRP 
substrate. To increase the PVDF layer thickness at PZT disc weld sites (Figure 3.30), 
additional discs of (11 mm diameter x 50 µm thick) PVDF material were added. This 
process allowed the PVDF layer thickness to be customised to suit experimental 
requirements. 
 
Figure 3.30. Vacuum bagging of PVDF discs for welding, disc locations round 3 and 4 
 
The 11 mm diameter of the PVDF discs allowed for some misalignment to occur during the 
welding of either the PDVF or PZT discs. PVDF discs were cut using a hole-punch and 
welded in stacks using the preparation process described in the appendix section A.6.  
3.2.5.4 PZT transducers 
The PZT disc transducers used during this project were poled Meggitt Sensing Systems 
(Ferroperm Piezoceramics A/S) Pz27, 10 mm diameter x 1 mm thick with silver glass frit 
electrodes. The Pz27 is similar to other soft types of monolithic PZT ceramic discs such as 
Navy II type PZT 5 ((Park et al. (2006), p1675), (Brunner et al., 2008), ((Mulligan et al., 
2013), p71), APC-850 ((Qing et al., 2006a), p625), ((Giurgiutiu, 2011), p3), ((Schubert and 
Herrmann, 2012), p3637), PIC-255 ((Ostiguy et al., 2012), p5) used in SHM related 
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PVDF film 
Welded 
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research. Pz27 discs have been reported in literature in use as SHM transducers by Paget 
and Levin (1999), (Paget et al., 2000b), Tsoi and Rajic (2009) and Jung et al. (2013), 
(p375). 
Two different types of PZT disc electrode configurations were used during this project, 
standard and wraparound (Figure 3.31). Standard configuration discs were used for the 
initial testing and establishment of the electrode surface preparation and Arkema Kynar 
ADX 101 (ADX) PVDF coating processes. The wraparound configuration was used for all 
other preliminary tests and in the fabrication of fatigue test samples.  
The difference between these configurations is the shape of the screen printed electrode. 
The wraparound electrode design simplifies the electrical connection process as both the 
upper and lower electrodes are accessible from one side of the disc. The standard 
electrode configuration requires access to both sides of the PZT transducer. Use of the 
standard electrode design in the fatigue experiments would require for example an 
additional conducting layer (i.e. a thin copper layer) positioned between the substrate and 
the PZT electrode to form an electrical wire connection point. This would create an 
unnecessarily complex multiple interface design and complicate interpretation of test 
results.  
The wraparound configuration is vulnerable to damage to the wraparound section of the 
silver electrode. During the fabrication of the fatigue test specimens the position of the 
electrode wrap was deliberately orientated at 90° to the applied load direction (Figure 
3.29). This was to reduce the risk of a single edge fracture event causing total loss of 
electrical connection to the majority of the transducers ceramic element.  
 
Monolithic disc transducers produce an omnidirectional signal this enables coverage of a 
broader area. Using a disc with a diameter much larger than its thickness (diameter 
greater than ten times the thickness), ((Ferroperm, 2003), p5) allows selection of the radial 
mode of resonance or alternatively the thickness extension mode of resonance can be 
selected. The radial vibration mode produces in plane expansion and contraction of the 
 
Figure 3.31. PZT transducer electrode configurations 
 
Figure 3.32. Two sectioned PZT discs showing 
electrode layer 
Standard 
Wraparound 
Lower 
electrode 
Upper 
electrode 
Piezoceramic 
Silver electrode 
Piezoceramic 
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electrode 
connection 
70 
 
transducer disc whereas the thickness mode produces out of plane expansion and 
contraction.  
At resonance the response of the transducer to the applied signal is amplified this shows 
for example as a relatively large maximum followed by an equally large minimum in the 
amplitude of the imaginary admittance signal (Figure 6.3). The response reflects the 
increased efficiency with which the transducer is able to store and convert the in phase 
input energy to another form for example electrical input energy to mechanical (kinetic) 
energy (APC International Limited, 2009). At resonance large strain amplitudes are 
generated, large capacitance changes are induced and current can flow easily into the 
transducer (impedance is zero) ((Uchino, 2003), p12). 
For the Pz27 10 mm x 1 mm thick transducers, in a free boundary condition, theoretical 
radial resonance is given by; 
   
  
 
         
Where    is the radial resonant frequency,    is the radial mode frequency constant 
((Ferroperm, 2003), p12), and   is disc diameter ((Ferroperm, 2003), p6). The theoretical 
calculation compares well to the measured resonance frequency of 200.7 kHz for a bare 
wraparound transducer under free boundary conditions. 
The theoretical thickness extension resonance frequency is calculated using; 
   
  
 
          
Where    is the thickness resonant frequency,    is the thickness mode frequency constant 
((Ferroperm, 2003), p12), and   is disc thickness ((Ferroperm, 2003), p6). 
3.2.5.5 PZT transducer surface preparation 
The PZT transducers silver electrode layer is between 8 µm to 10 µm thick ((Ferroperm, 
2009), p1), very little material is able to be removed from the electrode surface without 
adversely affecting the electrical connectivity with the PZT ceramic. The image of a section 
through PZT discs with electrodes (Figure 3.32) shows that the surface electrode 
thickness varies and the deposit follows the contour of the PZT ceramic material surface. 
Therefore the removal of a thin layer of metal from the entire electrode surface area whilst 
maintaining full PZT ceramic activation is not achievable. The effects of excessive 
electrode material removal are demonstrated in the preliminary experimental results. 
The PZT transducer preparation process used for this project had to minimise the mass of 
silver electrode material removed whilst exposing fresh metal surface for bonding. The 
methodology produces a change in the electrodes thickness which is less than the 
resolution of the micrometer (0.001 mm) used to measure the disc thickness. The 
micrometer measuring principles (discussed in appendix section A.6) including the use of 
5 mm diameter steel balls to produce point contact were applied to these measurements.  
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3.2.5.6 Preparation of PVDF dope 
ADX 101 PVDF powder was used to create a layer of PVDF material on the lower 
electrode surface of the wraparound PZT discs. To do this the discs were coated with a 
preparation of PVDF N-methyl-2-pyrrolidinone (NMP) dope. The dope was dried to remove 
the solvent and then reacted to form a chemical bond between the electrode and the 
PVDF. Data on this specific grade of ADX material was not able to be obtained. The 
processing methodology used was developed using data for unmodified PVDF and 
generic data (Arkema, 2005) pertaining to other ADX compound grades and was verified 
in the preliminary trials.  
There are a range of solvents which are capable of dissolving PVDF ((Wang et al., 1999), 
p211). NMP was chosen because of its availability. The reported concentrations of PVDF 
successfully dissolved in NMP are 15 weight % ((Ahmad et al., 2013), p3439) and 20 
weight % ((Bottino et al., 1991), p10), ((Bottino et al., 2002), p36), ((Arkema, 2005), p14). 
A relatively high weight ratio of 1:4 was chosen to maximise the amount of deposited 
PVDF from the limited fluid volume that could be stably retained on the PZT electrode 
surface (Figure 3.33) and yet still be easily dispensed.  
 
Figure 3.33. Wet ADX dope on a PZT transducer 
 
Figure 3.34. ADX PVDF dope dried at 100°C 
 
3.2.5.7 Drying PVDF dope 
The removal of the solvent from the dope is necessary to form a stable uniform layer 
before the chemical bonding reaction process can be performed. Figure 3.34 shows one of 
the possible effects of incorrect drying temperature selection. Figure 3.35 shows the end 
results of the three processing temperatures. 
For an unmodified grade of PVDF dissolved in solvent, Ong et al. (2011), (p155) used 
temperatures ranging from 40°C to 100°C to promote the formation of a dense surface 
layer prior to applying the water coagulation method in the production of semi permeable 
PVDF membranes. Ong’s data indicated that higher temperatures increased the rate of 
NMP evaporation ((Ong et al., 2011), p155). Arkema (2005), (p14) suggest that when ADX 
is used for solvent casting of metal surfaces a drying temperature of 254°C be used.   
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Experiments were used to develop a suitable dope drying process. The final heating profile 
used to remove the solvent is shown in Figure A.7.40. Note an important aspect of the 
drying process is the use of an aluminium plate (200 mm x 200 mm x 1.6 mm) as a 
platform on which all NMP dope coated PZT discs are placed before insertion into the 
oven. It is important that the plate is at room temperature at the start of this process.  
The plate acts as a heat sink producing a slower heating rate of the PZT disc than if the 
plate were preheated to the oven’s drying temperature. If a preheated plate is used it 
produces a solvent evaporation rate that is too rapid causing bubbles to form in the ADX 
PVDF coating which do not dissipate with subsequent heating this produces a final result 
that is similar to the 265°C drying temperature shown in Figure 3.35.  
Figure 3.35 shows the possible final outcomes resulting from three different ADX PVDF 
drying temperatures. The photographs were taken after completion of drying and of the 
surface adhesion promotion treatment. The 100°C drying temperature treatment produces 
a slow solvent evaporation rate which causes the majority of the PVDF to coalesce at one 
location. The 190°C drying temperature produces a uniform surface coating. The 265°C 
drying temperature produces a surface which is pocketed with bubbles formed during rapid 
solvent evaporation; the remnants of these can be seen in Figure 3.35.  
 
Figure 3.35. Effect of drying temperatures on the ADX PVDF surface finish 
 
3.2.5.8 Surface adhesion promotion 
To promote maximum chemical bonding between the ADX coating and the coated surface 
it is necessary to process it at high temperature. The time of exposure at the required 
temperature for adhesion activation was inferred from the processing condition data for 
electrostatic sprayed ADX (no grade information supplied). This data indicated a 
processing time of 10 to 15 minutes at between 240°C to 270°C for film thicknesses 
between 80 µm to 120 µm ((Arkema, 2008a), p3). Additional information states that the 
chemical reaction proceeds quicker with higher temperature processing ((Arkema, 2007), 
p8), but that the temperature should not exceed 270°C ((Arkema, 2007), p9). Using this 
information, the processing criteria of 265°C for 15 minutes was chosen.  
3.2.5.9 Welding PZT discs to CFRP-PVDF 
The ADX PVDF coated PZT discs are welded to the CFRP-PVDF substrate using the 
welding process described in the appendix section A.6. For each experiment, all of the test 
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samples were weld processed at the same time. This was to produce a consistent weld 
thickness within the batch.    
PVDF surfaces of the weld components were cleaned and dried and then assembled on 
an aluminium caul plate and vacuum bagged (Figure 3.30). The bag membrane holds the 
PZT transducers in position. Discs were inspected to ensure that their position and the 
orientation of the electrode relative to the substrate (Figure 3.29) had not changed during 
the vacuum processing. Repositioning where necessary was performed under partial 
vacuum to limit the disturbance to the surrounding correctly positioned PZT discs and 
substrates. Care was taken to maintain uniform bridging of the vacuum membrane around 
the perimeter of the discs to ensure even loading of the PZT element and formation of a 
uniform axisymmetric PVDF spew fillet (Figure 3.3).     
3.2.5.10 Adhesive bonding PZT 
The cyanoacrylate adhesive bonding of the second PZT disc on the opposite side of the 
substrate to the welded transducer required the disc to be held at a specific distance offset 
from the CFRP surface and to be located at a specific position on the CFRP surface. To 
do this a combination of grinding and gluing jig components were utilised to form the 
fatigue specimen gluing jig (Figure 3.12). Adhesive thickness was controlled using a 
combination of aluminium foil, brass foil, and Kapton® film spacing shims. The height of 
the shim stack was determined from the calculated weld bondline thickness. PZT disc 
position location was controlled by the grinding and gluing jig components.   
Each test specimen was processed individually. The CFRP surface was prepared as per 
recommendations in ASTMD2093-03 (2007), (p142) being ground with P320 grade 
carborundum abrasive paper to remove the surface gloss, decontaminated with acetone 
and lint free wipes and air dried. 
To hold the PZT discs during electrode surface preparation and during adhesive cure, they 
were temporarily bonded to tensile test adherends (static tensile test process) using 
double sided pressure sensitive adhesive tape (thickness of 80 µm) (Figure A.6.7.36). The 
tape allows the disc to be held onto the adherend whilst the adherend is held in the clamp 
body assembly. This arrangement holds the disc level and allows the surface of the silver 
electrode to be evenly ground. Minimum electrode material is removed by locating the 
plane of the electrode surface slightly offset from the plane of the clamp body grinding 
surface. 
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Figure 3.36. Gluing jig base and PZT disc locator 
 
Figure 3.37. Aligned  fatigue CFRP specimen 
 
The co-location alignment of the discs on the substrate is achieved by placing the welded 
disc in the PZT locating recess (Figure 3.36) held in a clamp body in the grinding stabiliser, 
the gluing jig top and the shims are then added to the assembly. The substrate and the top 
are aligned with the scribe marks present on the grinding stabiliser body (Figure 3.37). The 
PZT transducer is then bonded to the CFRP, the clamp body loaded with two 0.8 kg 
masses, and this assembly left to cure for 12 hours before partial disassembly of the 
gluing apparatus so that the next specimen can be prepared using a different adherend 
and clamp assembly.  
After 24 hours of curing, the adherend and clamp body are removed from the bonded disc 
by rotationally shearing the adhesive tape bond. The shims are removed and the surface 
of the transducer then cleaned with acetone damped lint free wipe to remove traces of 
pressure sensitive adhesive from the surface of the transducer; while at the same time 
avoiding contact with the axisymmetric cyanoacrylate bond fillet (Figure 3.4).  
 
Figure 3.38. Fatigue CFRP 
specimen with gluing jig top    
 
Figure 3.39. Shim and glue drop 
placed 
 
Figure 3.40. Bonded specimen 
before being loaded 
 
3.2.5.11 Wire connection 
Two methods were used to connect wires to the PZT disc electrodes. Both used 50 cm 
lengths of Kynar® insulated 30 American wire gauge (AWG) single core wire (Element14 
(E14) part number 143381), (RSC part number 209-4849) wound as twisted pairs with the 
ends stripped of 7 mm of insulation.  
Scribe marks  
PZT disc 
locator  
PZT locating 
recess 
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Loops were placed in the wires (Figure 3.41) to prevent disturbance to the PZT disc 
electrode wire connection interface during sample handling and testing. A combination of 
double and single sided pressure sensitive tape used to secure the wires to the substrate. 
 
Figure 3.41. Wire connection loops 
 
The wire connection methods were designed to allow for easy removal of the electrical 
connections from the PZT discs so that the pre-test appearance could be recovered at the 
end of fatigue testing. This methodology also removed the possibility of soldering process 
induced damage occurring to the PZT ceramic such as localised thermal depoling or 
dissolving of the silver electrode by the solder ((Soh et al., 2012), p13), ((Ferroperm, 
2003), p20), ((Ferroperm, 2012), p1).  
The method of wire connection used for the fabrication of test specimens for fatigue 
experiment rounds 1 and 2 utilised etched 76 µm thick copper foil pads (Figure 3.3) 
soldered to one end of the wire pair. The copper pads were bonded to the PZT discs upper 
electrode surface (Figure 3.42, Figure 3.43 and Figure 3.3) using cyanoacrylate adhesive. 
Electrical contact established between the two metals by direct points of physical contact. 
The methodology used to produce the copper pads is described in appendix section A.6.  
 
Figure 3.42. PVDF welded PZT disc with copper 
electrode configuration 
 
Figure 3.43. Cyanoacrylate bonded PZT disc with 
copper electrode configuration 
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The second method (Figure 3.44, Figure 3.45 and Figure 3.4) of electrical connection used 
silver based conductive ink to bond one end of the wire pair directly to the PZT disc 
electrodes. Note that Figure 3.42, Figure 3.43, Figure 3.44 and Figure 3.45 are 
representative of layer configuration and do not accurately reflect true specimen shape 
geometry, of which a more accurate representation can be found in Figure 4.9 , Figure 
4.10 and Figure 4.15. 
 
Figure 3.44. PVDF welded PZT disc with conductive 
ink configuration 
 
Figure 3.45. Cyanoacrylate bonded PZT disc with 
conductive ink configuration 
 
3.2.5.12 Circuit connectivity checks 
Regardless of the method used to establish the electrical connection between the disc 
electrodes and wires the quality of this connection was checked for each transducer. A 
Fluke® Model 117 digital multimeter (DMM) was used to test the circuit electrical 
resistance for the wire to silver electrode circuit.  
In the case of the cyanoacrylate adhesively bonded copper pads, the electrical 
connectivity was checked immediately after bonding of the copper pad to the PZT disc. For 
the conductive ink bonded wires a minimum period of 12 hours was allowed for the solvent 
to evaporate to allow the silver particles to coalesce and form a low resistance connection. 
Probe tip to probe tip connection of the DMM produced a resistance value of between 0.2 
Ω to 0.3 Ω (DMM resolution 0.1 Ω). Circuit resistance up to 0.4 Ω for wire end to PZT disc 
electrode connection are typical of a good wire to PZT circuit. If a circuit resistance was 
measured outside of the expected range the wire connection was disassembled and 
remade.   
3.2.5.13 Fabrication of copper pads/ brass shims 
A quantity of brass spacing shims and copper electrode pads were prepared using an 
ammonium persulphate chemical etching process. Brass shims were etched from 250 µm, 
100 µm, and 50 µm thick sheets of Champion® shim stock. Copper electrode pads were 
chemically etched from 76 µm K&S Precision Metals copper foil.  
3.2.5.14 PZT transducer debonding 
Debonding the PZT discs from the substrate at the end of the fatigue tests required 
softening of the PVDF weld and degrading the cyanoacrylate adhesive bond. Kotzev et al. 
(1981), (p1943) showed that at 150°C a total loss of ethyl-2-cyanoacrylate adhesive 
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properties occurred ((Kotzev et al., 1981), p1946). Woods (2001), (p647) documents that 
the poly-cyanoacrylate group of polymers “undergo retro-polymerisation reactions at 
temperatures in the vicinity of 140°C to 180°C”.  
The melting point temperature for PVDF in literature is between 177°C ((Guzman et al., 
2013), p2) and 192°C ((Dohany and Humphrey, 1985), p536). Therefore, the limiting 
temperature for the debonding process is the melt temperature of the PVDF layer. 
Observations from the welding experiments showed that a temperature of 190°C was 
adequately above the melting point of the PVDF to allow time for samples to be removed 
from the oven and for the discs to be debonded before either the PVDF or the 
cyanoacrylate could cool sufficiently to re-harden. The effectiveness of this temperature for 
debonding was confirmed using adhesively bonded and welded test samples. 
3.3 Chapter Summary 
The sample preparation methodology is described in this chapter with additional 
information contained in the appendix where specified. The design, manufacture, and use 
of apparatus and the development of procedures mentioned in this chapter were required 
to build high quality and consistent test specimens. The average values of specimen 
dimensions measured during verification of these processes were used for FEA model 
construction. Diagrams are provided which show sample preparation and testing steps. 
Static tensile test specimens were manufactured to provide unavailable information on 
cyanoacrylate bond strength and the effect of adherend surface roughness and bond 
thickness on this. Copper adherends were chosen to simulate the copper foil electrical 
connection layer used in fatigue experiment rounds 1 and 2. Problems with the use of 
copper foil electrical connections identified during these experiments led to the 
development of an alternate electrical connection using conductive ink. This design and 
the use of the cyanoacrylate and PVDF debonding technique allowed the post-test 
recovery of PZT transducers to their pre-test appearance condition.  
Process development was particularly important for the development of the novel method 
of transducer attachment by welding with PVDF. Successful coating of transducers with 
PVDF was achieved by first dissolving ADX PVDF powder in NMP solvent, applying this 
dope to the transducer surface, drying it and then activating the chemical bond. The 
thickness of the PVDF layer on the substrate was increased by welding small discs of film 
prior to welding the transducers. All samples were welded simultaneously to limit the 
possible effects that could arise from process inconsistencies if welding was performed 
separately for each individual sample. Transducers were first welded to the substrates 
after which cyanoacrylate bonding of transducers was performed on the opposite side of 
the CFRP-PVDF test substrate.     
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Chapter 4   
FEA Simulations 
 
An important part of the SHM system design is the proper integration of the transducers 
with the host structure. The mechanical performance and durability of the bonding 
interface between the piezoceramic and the host material remain major concerns. 
Common mechanisms for sensor failure are disbonding of the sensor from the host 
structure and fracture of the piezoceramic element. Often, the primary cause of these 
failures is excessive strain transfer from the host structure to the sensor package or 
mismatched strain gradients within adjacent material layers. The longevity of piezoceramic 
discs attached directly to the host substrate can be improved by decreasing the size of the 
sensor, decreasing the bonding layer shear modulus or increasing the layers thickness 
(Blackshire et al., 2006).  
The alteration of these properties changes the pattern of strain transfer behaviour which 
enables a mechanism by which the strain transfer process can be managed to keep 
stresses within individual components and at layer interfaces within acceptable bounds.  
The FEA study investigated three different parameters related to transducer-host layup 
and the fatigue testing experiment specimens: 
1. Bond layer thickness. 
2. Bonding layer fillet shape. 
3. Bond layer modulus.  
The purpose of these studies was to develop information to assist interpretation of fatigue 
testing experimental results for the two bonding systems. 
The designs investigated utilise either cyanoacrylate adhesive or polyvinylidene fluoride 
polymer as the attachment medium. PVDF has a number of desirable traits including the 
ability to be fusion welded to suitably prepared substrates, low moisture absorption 
characteristics, good chemical resistance, low shear and tensile modulus and high 
elongation at break.  
The finite element modelling was performed as a linear elastic static analysis using 
ANSYS parametric design language (APDL) version 14. The location of the important 
regions for study meant that analysis could be performed using 3D complete and half 
models and 2D complete models.  
Model validation studies showed that for 3D models a minimum of 2, 20 node (SOLID186) 
elements was required through the thickness of the thinnest layers, whilst for 2D models a 
minimum of 2, 8 node quadrilateral (PLANE183) elements was required. This preliminary 
modelling showed that the boundaries separating the different material layers were 
important regions for study. For this reason mesh density at boundaries was increased 
and the density reduced at layer interiors to minimise the total model element numbers. 
The total number of elements contained in a complete FEA model is largely influenced by 
the number of elements required in the thinnest layers (silver electrode layers) and at the 
boundary interfaces. Total model element number can be reduced but only to the number 
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allowed by the rate of element transition from these high density fine mesh regions to 
lower density mesh regions located at the interiors of the larger model components. This 
rate of transition is limited by the amount of acceptable element shape distortion which can 
be applied to reduce the mesh density. 
To constrain model element numbers to a total that was able to be solved, 3D models 
were simplified (Figure 4.3) by excluding the axisymmetric bond layer fillet geometry 
shown in Figure 4.9 and Figure 4.10. The transducer and bond layer were modelled as a 
stack of cylindrical discs and the CFRP substrate formed using SHELL281 structural 
elements.  
The reduced number of elements needed to construct 2D models allowed these to more 
accurately represent the physical shape of the fatigue test specimen assembly by 
including the bond layer fillet and the PZT disc’s perimeter edge radius of 50 µm (Figure 
4.1 and Figure 4.15) and two PZT transducers co-located on opposite sides of the 
substrate. 
 
 
Figure 4.1. PZT ceramic disc perimeter edge radius 
 
For the models discussed here the largest 3D model processed was the 5 element 3D half 
model (Figure 4.3) with 9926459 equations requiring solver processing time of 253591 
seconds. The largest 2D model processed was model number 3 (Figure 4.7) with 
13782551 equations requiring solver processing time of 3480 seconds.   
In compromise between acceptable accuracy of modelling as compared to a 3D full model 
result and speed of analysis. Simplified basic geometry 2D models (Figure 4.6) were 
validated against basic geometry 3D half models (Figure 4.3) which had been validated 
against simplified basic geometry 3D full models. 
 
 
 
 
 
 
Perimeter edge radius 
100 µm 
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4.1 Material properties 
The individual material layer thicknesses properties used in model construction are listed 
in Table 4.1.  
Table 4.1. FEA model material properties and sources 
Material Material Property Value Material Property Value Source 
CFRP All - - - (Hexcel 2001) 
Cyanoacrylate1   0.956 GPa   0.446 (Ferreira et al., 2005) 
Cyanoacrylate2   1.7 GPa   0.40 (Yokoyama, 2003)  
PVDF   1.72 GPa   0.34 (Westlake Plastics Company, 2009) 
Silver electrode   81.6 GPa   0.31 (Buch, 1999) 
PZT   (X) 59 GPa   (X-Y) 0.389 (Ferroperm, 2003, Russell, 2009) 
PZT   (Y) 59 GPa   (Y-Z) 0.371 (Ferroperm, 2003)  
PZT   (Z) 43.1 GPa   (X-Z) 0.371 (Ferroperm, 2003)  
PZT   (X-Y) 21.2 GPa   (Y-Z) 23 GPa (Ferroperm, 2003)  
PZT   (X-Z) 23 GPa - - (Ferroperm, 2003)  
Acrylic   3.3 GPa   0.35 (Goodfellow, 2015) 
Conductive epoxy   5.6 GPa   0.30 (Mo et al., 2004) 
Copper   131.9 GPa   0.34 (Buch, 1999) 
 
Specific to the listed properties in Table 4.1:  
 CFRP laminate properties were calculated using material properties published by 
Hexcel (2001). 
 Material properties for the ethyl-2-cyanoacrylate adhesive were not able to be 
calculated from the static tensile test data because of the loss of data necessary to 
calculate strain. Therefore FEA model cyanoacrylate adhesive material properties 
are obtained from published data. An extensive literature search for tensile modulus 
and Poisson’s values for ethyl-2-cyanoacrylate yielded these data. The first gives a 
value for the tensile modulus of 0.956 GPa and a Poisson’s ratio of 0.446 ((Ferreira 
et al., 2005), p4), this material value is listed as Cyanoacrylate1. The second 
provided by Yokoyama (2003), (p234) states tensile modulus as 1.70 GPa and 
Poisson’s ratio as 0.40 these values are listed as Cyanoacrylate2. Numerical 
studies by Ostiguy et al. (2012), (p5) used cyanoacrylate adhesive with a modulus 
of 1.2 GPa and Poisson’s ratio of 0.21, the type of cyanoacrylate is not specified. 
Further data is provided by ((Dugnani, 2009), p1559), in the form of a value of 
approximately 0.6 GPa for shear modulus, the type of cyanoacrylate is not 
specified. Calculation of the shear modulus using           and the data 
provided by Yokoyama (2003) yields a shear modulus of approximately 0.61 GPa.  
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 The material properties of the welded ADX PVDF bond layer are assumed to be 
uniform and possess the material properties of PVDF film.   
 The material properties for silver electrode and copper are for pure metal in the 
annealed condition. It is assumed that the glass fritt ((Ferroperm, 2009), p1) 
contained within the PZT transducers silver electrode layer has negligible effect on 
its properties. 
 PZT properties are calculated for short circuited condition using coefficients 
supplied by the PZT manufacturer and the formulas contained in Moulson and 
Herbert (1993) and Imaoka (1999). The materials properties are listed in Table 4.1 
are for 3D model construction. These values were converted where required for 2D 
modelling purposes. 
 Material property data for the conductive ink used for constructing fatigue 
experiment specimens could not be found. Datasheets indicate that it is a silver 
acrylic polymer ink ((Watkins, 2010), p1), and that the CW2200 conductive ink has 
a silver content between 35% and 65% ((Chemtronics, 2009), p1), it is not specified 
whether this is by weight or by volume, silver particle size and shape data could not 
be found, as such the ‘rule of mixtures formula’ could not be applied to calculate the 
mixtures tensile modulus or Poisson’s ratio from the individual ink ingredients. FEA 
model material properties for conductive ink are instead based upon data derived 
from; Levy-Neto et al. (2003), (p3) report that acrylic resin has a tensile modulus 
2.76 GPa and Poisson’s ratio of 0.35, Titovich and Norris (2014), (p4) list an acrylic 
with a tensile modulus of 3.2 GPa and a Poisson’s ratio of 0.35. These values are 
similar to the value ranges reported by Goodfellow (2015) for acrylic film; tensile 
modulus range 2.4 GPa to 3.3 GPa and Poisson’s ratio between 0.34 and 0.4. 
Therefore the Goodfellow (2015) acrylic modulus upper value is used with the 
commonly reported value of 0.35 for Poisson’s ratio as one estimate of conductive 
ink material properties. A second set of material properties is provided for a 
conductive epoxy by Mo et al. (2004), (p50). This value is similar to the upper range 
of tensile modulus values reported by Xu (2002), (p183) for custom made silver 
based isotropic conductive epoxy adhesives; tensile moduli listed as 0.29 GPa, 2.9 
GPa and 5.5 GPa, no Poisson’s ratios are provided. The conductive epoxy tensile 
modulus is considered to be significantly larger than the actual modulus of the 
conductive ink could possibly be based on qualitative observations made during 
removal of the material from treated transducers. Therefore the values listed in 
Table 4.1 are considered to be a worst case scenario material property.  
4.2 Model geometry 
The FEA model layer thicknesses are listed in Table 4.2 additional dimensions are shown 
in Figure 4.2. Where a variation from the values listed in the table for a specific model 
construction occurs the details are described within that particular models section.   
For all simulations the host substrate is assumed to be CFRP. The piezoceramic element 
a constant 10 mm diameter and 1.0 mm (total) thickness (this includes the thickness of the 
15 µm silver electrode layers) and the substrate thickness is 2.25 mm (Figure 4.2). The 
bond layer thicknesses of 100 µm and 160 µm used for model construction were chosen 
because the values are approximately the same as the average values measured for the 
prepared fatigue test specimens (Table 6.3 and Table 6.4).  
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Table 4.2. FEA model material layer thicknesses 
Material Layer thickness Comment 
CFRP 2.25 mm Modelled as 8 individual orthotropic ply layers 
Cyanoacrylate adhesive bond layer 100 µm  or 160 µm Layer thickness matched to measured sample thicknesses 
PVDF bond layer 100 µm  or 160 µm Layer thickness matched to adhesive layer thickness 
PZT transducer bottom silver electrode layer 15 µm Estimated from Figure 3.32, and (Ferroperm, 2009) 
PZT ceramic layer 970 µm Calculated by subtraction of silver electrode thicknesses 
PZT transducer top silver electrode layer 15 µm As per bottom silver electrode layer 
Conductive ink layer 127 µm Assumed to be half of  the 30 AWG Kynar wire thickness  
Cyanoacrylate adhesive bond layer 15 µm Estimated from measurements from Figure 3.32 
Copper circuit connection electrode layer 76 µm Used in conjunction with the 15 µm cyanoacrylate layer  
 
 
4.2.1 3D model geometry 
Five simplified basic model geometries (Figure 4.3) were used for the 3D simulations:  
 Full and half models of standard electrode configuration transducers with:  
- 2 and 3 elements (full models) and 2, 3, 4, and 5 elements (half models) 
through the thickness of the silver electrode layers. 
 Full models of wraparound electrode configuration transducers with 2 elements 
through the thickness of the silver electrode layers with: 
- No additional electrical connection layer. 
- Conductive ink electrical connection layer. 
- Copper foil electrical connection layer with bonding cyanoacrylate layer. 
 
Figure 4.2. Model dimensions 
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Figure 4.3. 3D simplified basic model layer materials 
 
The location and size of the conductive adhesive ink layer components were approximated 
using the image shown in Figure 3.4, shape and location were chosen to simplify the 
modelling and meshing process.  
The initial 3D model geometry was constructed as areas in the X-Y plane these were then 
surface meshed. Transducer geometry areas were extruded in the positive Z axis direction 
to form the meshed volumes of the transducer layers. The rectangular substrate 
dimensions are 50 mm long (Y axis) x 30 mm wide (X axis) symmetric about the plane 
origin and extruded in the negative Z axis direction, the transducer and other material 
layers centred at the origin (Figure 4.4).  
The orientation of the wraparound electrode is perpendicular to the applied displacement 
direction as shown in Figure 4.4 for all of the simulations with the sole exception of one 
simulation. This examined the effect of aligning the wraparound electrode parallel to the 
applied substrate displacement (‘Wraparound electrode configuration, parallel orientation’, 
Figure 6.13).  
84 
 
 
Figure 4.4. Typical Full 3D model orientation and boundary conditions 
 
 
Figure 4.5. 3D Half model symmetry boundary conditions 
 
4.2.2 2D model geometry 
Four model geometries were used for the 2D simulations these are shown in Figure 4.6 
(2D simplified basic geometry) and Figure 4.7 (2D geometry with fillet shape), material 
layers for model type 1 (cyanoacrylate fillet) and model type 2 (PVDF fillet) are shown in 
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Figure 4.8, model 3 is a combination of models 1 and 2. All 2D simulations used a 
standard electrode configuration PZT transducer with no conductive ink or copper 
electrical connection layers. The 2D models are constructed as areas in the X-Y plane 
(Figure 4.11), the length of the substrate is 50 mm orientated parallel to the X axis. Plane 
strain analysis was used for all 2D modelling. 
Note that model type 1 and 2 are a symmetric model simulations, the line of symmetry is 
the substrate centreline as indicated by the ‘S’. 
 
Figure 4.6. 2D simplified basic model geometry 
 
 
 
 
Figure 4.7. 2D model types with fillet shapes 
 
 
 
Figure 4.8. 2D model type 1 and type 2 layer materials 
 
The 2D model with fillet shapes allows greater refinement of the physical model shape, the 
geometry of the PZT disc and its silver electrode are derived from measurements taken 
from the micrograph of sectioned PZT (Figure 3.32) and Figure 4.1. The shape of the 
cyanoacrylate and PVDF bond layer fillets were measured from micrographs similar to that 
of the prepared test specimen shown in Figure 3.27. More detailed views of the models 
are shown in Figure 4.9 and Figure 4.10.  
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Figure 4.9. Cyanoacrylate fillet 
 
Figure 4.10. PVDF fillet 
 
 
Figure 4.11. Typical 2D model orientation and boundary conditions 
 
4.3 FEA assumptions, boundary conditions and simulation details 
4.3.1 FEA assumptions 
For the purpose of investigating the relative effects of the two transducer designs it is 
assumed that the use of linear material properties is a reasonable approximation and does 
not adversely affect the FEA results with trends still able to be shown. It is assumed that 
perfect bonding occurs at all interfaces and that no failure occurs anywhere within the 
model. PZT ceramic surfaces are assumed smooth and material properties uniform. The 
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effects of stress concentrations within material layers and at boundaries are assumed 
negligible. 
4.3.2 Boundary conditions 
The simulated substrate strain was induced by applying a restraint on one edge of the 
substrate and applying a constant displacement to the opposite end, the strain level 
verified by data extracted along the substrates longitudinal axis. For each model the 
magnitude of the applied displacement in the positive Y axis direction (3D) (Figure 4.4) or 
positive X axis direction (2D) (Figure 4.7) were chosen to achieve an average of 1000 µɛ, 
2000 µɛ or 3000 µɛ over the length of the models substrate.  
For 3D models the end of the substrate located at the negative end of the Y axis was 
constrained for all degrees of freedom (UX, UY, UZ, ROTX, ROTY, ROTZ) as shown in 
Figure 4.4. For 2D models the end of the substrate situated at the negative end of the X 
axis was constrained for all degrees of freedom (UX, UY) (Figure 4.11). Symmetric 
boundary conditions were imposed on the half models as shown in Figure 4.5.   
4.3.3 Details of simulation studies 
4.3.3.1 3D half model to full model comparison 
Computing hardware and software capabilities imposed limits on the total number of mesh 
elements able to be solved and therefore used for modelling. To improve FEA simulation 
efficiency symmetry boundary conditions were utilised. This study was undertaken to 
confirm that half 3D models using boundary symmetry conditions (Figure 4.5) produced 
equivalent results to full 3D models with the same simplified basic layer construction. 
Symmetry conditions are readily applied to axisymmetric model constructions, for example 
models using the standard configuration electrode PZT (Figure 4.4). The application of 
symmetry to model constructions using non symmetric wraparound electrode transducers 
was not pursued. 
The thinnest layers in the FEA models are the silver electrode layers, assumed to be 15 
µm thick, these two layers strongly influence the total model element number. For a full 
model using the standard electrode configuration, when the element number through the 
thickness of these silver electrode layers is greater than 3, solving the models becomes 
very time consuming. Verifying that the half model results are equivalent to the full model 
results allows the half model simulations to be used with different numbers of elements 
through the thickness of the thinnest layers to determine the minimum number of elements 
required to achieve consistent simulation results. 
The FEA full and half models used in this section were constructed using a 160 µm 
adhesive bond thickness and Cyanoacrylate1 material properties. The substrate was 
subjected to substrate displacement to produce 2000 µɛ in the Y axis direction.  
4.3.3.2 3D model increasing through layer thickness element number 
Two full models with 2 and 3 elements through the thickness of the silver electrode layers 
and four half models with 2, 3, 4, and 5 elements through the silver electrode layers were 
used in this study. All models were constructed with a Cyanoacrylate1 160 µm thick bond 
layer and substrate displacement of 2000 µɛ in the Y axis direction.  
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4.3.3.3 3D model effect of electrode type and electrical connection method 
The transducer type, its electrode orientation to the applied displacement, and type of 
electrical connection on stress and strain distribution were examined by comparing these 
models: 
 Standard silver electrode.  
 Wraparound electrode in two orientations (parallel or perpendicular) to applied 
displacement direction (Figure 4.4).  
 Wraparound electrode oriented perpendicular to the applied displacement direction 
with the addition of either: 
- Conductive ink electrical connection layer. 
- Copper foil electrical connection layer with bonding cyanoacrylate layer. 
The base parameters common to all models were a Cyanoacrylate1 160 µm thick bond 
layer and substrate displacement of 2000 µɛ in the Y axis direction.  
The wraparound electrode geometry was constructed by dividing the top electrode surface 
into two pieces leaving a 1 mm gap between them and adding a 20 µm thick silver 
electrode side strip (Figure 4.12) to the transducer to connect the lower silver electrode 
layer to the smallest top electrode portion. Note that the lowermost adhesive bond layer 
area is extended underneath the silver electrode side strip. 
 
Figure 4.12. Wraparound electrode silver side strip and adhesive side strip 
 
4.3.3.4 3D model effect of bond thickness and materials at each strain level 
This study was performed to examine the effect of each combination of bond thickness, 
bond layer material and applied strain. Full 3D models were constructed with a single 
standard electrode PZT transducer using simplified basic geometry. Two elements through 
the thickness of the silver electrode layers were used.  
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Previous work showed that this number of elements produced results consistent with those 
produced by models with more elements through the thickness. Bond materials used were 
Cyanoacrylate1, Cyanoacrylate2, and PVDF. Bond layer thicknesses were 100 µm and 
160 µm and the applied substrate strains were 1000 µɛ, 2000 µɛ and 3000 µɛ. 
4.3.3.5 2D mesh study and 2D model to 3D half model comparison 
The results obtained from the 2D simplified basic model geometry shown in Figure 4.6 
were compared to results from 3D half models. This study was performed to understand 
the limitations of the 2D modelling process on results as compared to 3D modelling. This 
was necessary as it was not possible to solve a 3D model that incorporated fillet geometry 
and two PZT transducers. This configuration could only be examined using 2D 
simulations. As part of this study the effect on results consistency of the number of 
elements through the 2D models silver electrode layer was examined. Models were 
constructed using a 160 µm thick bond layer with Cyanoacrylate1 material properties with 
2000 µɛ applied in the X axis direction (2D) or Y axis direction (3D). 2D models used 1, 2, 
3, 4 and 5 elements through the thickness of the silver electrode layers. 3D half models 
used 2 elements through the thickness of the silver electrode layers.   
4.3.3.6 2D model effect of fillet shape 
The effect of fillet shape was examined using model type 1, type 2, and type 3 shown in 
Figure 4.7. Models were constructed using 100 µm and 160 µm bond layer thicknesses, 
each bond material type and 2000 µɛ applied in the X axis direction. Model 3 is 
representative of the sample design used in round 3 and round 4 of the fatigue 
experiments. The effect of the fillet shape on the FEA result was isolated by using model 3 
and one set of material properties (Cyanoacrylate2) for both bond layers. 
4.3.3.7 2D model effect of bond thickness and materials at each strain level 
The effect of each bond layer thickness (100 µm and 160 µm), bond material type 
(Cyanoacrylate1, Cyanoacrylate2, PVDF), and applied strain were examined using Model 
3 geometry. For each simulation both bond layers were of equal thickness.   
4.4 Simulation results 
The comparison of simulation results between models is performed in Chapter 6 where the 
model data is presented using different formats. The contour diagrams obtained directly 
from ANSYS are of data on the Y-Z plane passing through the origin for 3D models (Figure 
4.13) and from the X-Y plane for 2D models (Figure 4.11). Given the difference in axis 
orientation between 3D and 2D models, these planes are directly comparable. Contour 
diagrams are generally presented as only the half contained in the positive portion of the 
plane as shown in Figure 4.13. This is able to be done because of the symmetric nature of 
results on either side of the Z axis. 
Contour diagrams are also presented as 3D images of the whole transducer assembly 
result (including bond layer), as the PZT ceramic element material layer and as slices 
through the piezoceramic layer. 
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Figure 4.13. 3D model contour diagram Y-Z extraction plane 
 
Plots of extracted nodal data obtained from path lines along layer interface boundaries 
(Figure 4.14). For the simplified basic geometry 3D full and half models this data is 
extracted using straight path lines constructed on the Y-Z plane located on the origin, the 
path lines span across the diameter of the transducer.  
 
 
Figure 4.14. Line data extraction locations and path numbers 
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These lines are equivalent to the material boundary lines of the simplified basic 2D models 
in the X-Y plane used for data extraction from the 2D models. On each line 500 data points 
are extracted across the 10 mm diameter of the transducer, where a data extraction point 
does not coincide with a node the data is interpolated by the FEA software. Note that the 
extraction lines used for the 2D models shown in Figure 4.7 follow the actual interface 
geometry (Figure 4.15), and include straight and curved lines. 
Of main interest is the region between the transducer’s lower silver electrode layer and the 
bonding layer (path 2). It is the bond layer which transfers strain from the substrate to the 
transducer, this and path 3 bondline interfaces are the most likely to be damaged. Figure 
4.15 shows the interface line between the cyanoacrylate bondline and the silver electrode 
layer, this is equivalent to path 2. A similar region also exists for the PVDF bonded 
transducer.  
 
Figure 4.15. Silver electrode adhesive bond interface line 
 
Additional results are presented for nodal data extracted along vertical lines located at +/- 
50% and +/-90% of radial distance on model type 3 (Figure 4.16). The vertical data is 
presented in the orientation shown, where 0 mm height corresponds to the lowermost 
edge of model.  
 
 
Figure 4.16. FEA model radial measurement locations 
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4.5 Chapter Summary 
To assist in the interpretation of fatigue test results, FEA models were constructed using 
dimensions obtained from test samples and material properties obtained from literature, 
this data is listed in this chapter.  
The FEA studies examined the effect of the number of elements through the thinnest 
material layers (silver electrode layers) on the consistency of FEA results for 3D and 2D 
models. These studies were performed using a combination of full and half 3D models and 
full 2D models that used simplified basic model geometry which excluded fillet shape and 
which used a single transducer mounted on a CFRP substrate. This configuration was 
necessary limit the total number of model elements to within solvable limits. 3D half 
models were verified against 3D full models and 2D models were verified against 3D half 
models. 
The model size limitations meant that only 2D models could be used to simulate the effect 
of fillet geometry in conjunction with co-located PZT transducers something not possible 
with 3D modelling. It is assumed that despite the differences between the 2D and 3D 
results, the trends observed in the 2D data caused by fillet geometry or material properties 
are a reasonable prediction of trends that would be observed if the complete geometry 
including fillets and two transducers were able to be modelled in 3D. 
Individual FEA studies were undertaken to examine the effect of bond materials, bond 
thickness, and fillet shape on strain and stress in fatigue test specimens. The comparison 
of simulation data between models is performed by examining strain and stress contour 
diagrams, by comparing data extracted along the interfaces between adjacent material 
layers and along paths across the material layers. 
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Chapter 5   
Experiments 
 
This chapter provides detail of the preliminary and primary experiments conducted during 
this project, including details of test parameters. Information regarding test apparatus can 
be found in appendix sections A.4 to A.6. The results from these experiments are 
discussed in Chapter 6. 
A SinePhase impedance analyser, model 16777k was used to measure the impedance 
spectrum. Prior to measurement the analyser was warmed up for a minimum of 60 
minutes as per manufacturer recommendations (SinePhase, 2012), (p25).  
Two probe circuit configurations were used with this device. The first probe circuit 
configuration used the SinePhase® supplied Bayonet Neill-Concelman (BNC) to surface 
mounted device (SMD) pincer grip probe (Figure 5.1). This probe allowed the PZT discs to 
be held in approximate free boundary conditions. During these tests the variation in the 
relative location of the pincer grip contact points with the PZT electrode for each of the 
tested discs was maintained within less than a 0.75 mm radius (Figure 5.2). 
 
The second probe circuit configuration used a custom built relay board (Figure 5.3) which 
routed the signals from the PZT discs via the connecting wires to the impedance analyser. 
Details of the board layout and connection are contained in appendix section A.5. 
 
Figure 5.1. SinePhase® BNC to SMD pincer grip 
 
Figure 5.2. PZT disc pincer and thickness 
measurement locations 
BNC to SMD probe 
grip location 
Thickness measurement 
paths 
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Preliminary experiments were used to check the effect of the data logging system on the 
PZT discs measured impedance signatures. Once these tests were completed the next set 
of experiments were performed to establish sample preparation methodology. Samples 
prepared with these methodologies were then examined to determine whether specific 
preparation steps had an effect on the impedance signature of the processed PZT discs.  
It was important to establish the accuracy and repeatability of the impedance analysis (IA) 
data capture system to ensure no introduction of bias by the system into the primary 
experiment results. The preliminary experiment data was also used to define a no effect 
threshold for the IA signal metrics used in the analysis section of this thesis. The 
impedance signatures of the PZT disc transducers were measured before, during and after 
fatigue testing. This data is only comparable within each attachment method and between 
the two attachment methods (weld and adhesive bonding) if the effect of sample 
preparation and processing upon the PZT ceramic element is known.  
The primary experiments established adhesive tensile failure strength data (static tests) 
not obtainable from the literature, the data used to assist understanding of the FEA 
simulation results. The fatigue experiments (dynamic tests) examined the durability of 
surface mounted PZT discs to compare the relative performance of transducers attached 
by adhesive bonding to those attached by the thermoplastic welding process.  
5.1 Preliminary experiments 
5.1.1 Impedance measurement system 
These tests were used to establish the impedance spectra measurement methodology and 
to quantify the level of repeatability of measurements. To do this the effect of the probe 
circuit configurations on disc IA signature were examined.  
The effect of the different configuration methods was established by comparing baseline 
measurements to measurements taken after PZT pincer re-clamping or after relay board 
switching events. The results of these tests were then used to construct a no effect 
 
Figure 5.3. Relay PCB  
Input screw 
terminal block 
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threshold value for the metric and the measurement method. Below the threshold, the 
change in signal and hence the percentage root mean squared deviation (%RMSD) are 
likely to be caused by measurement errors inherent within the measuring system or the 
measuring methodology. Above the threshold the change in %RMSD is likely to be a direct 
result of a change within the transducer or transducer substrate system.  
The impedance measurement steps identified as having the highest probability of effecting 
IA measurements were: 
 BNC to SMD grip repositioning. 
 Circuit relay switching.  
5.1.1.1 BNC to SMD grip PZT disc repositioning 
Five PZT discs (wraparound electrode configuration) were selected for this study. Prior to 
use all discs were ultrasonically washed with acetone for 2 minutes. The discs were then 
let air dry on lint free cloth before testing. The impedance analysis was conducted for the 
frequency range from 1 kHz to 2.5 MHz, using a frequency step size of 100 Hz, and a 1 
ms delay period between measurements. 
No change test condition 
For each disc five sequential impedance measurements were made using the BNC to 
SMD pincer grip. The location of the pincer contact points relative to the discs electrode 
surface was not altered during these five measurements.  
BNC to SMD grip repositioning test condition 
Discs and apparatus from the ‘no change’ condition test were used for this experiment. 
The impedance spectra for each PZT disc was measured once, removed from the pincer 
grip and the next disc inserted. This process was repeated four times until all five discs 
had been measured five times.  
5.1.1.2 Circuit relay switching 
A single PZT disc was used for these tests connected by 50 cm of twisted pair Kynar® 30 
AWG wiring. One end of the wire pair was soldered to the disc electrodes, the other end of 
the wires connected to the relay board via the input screw clamp terminals (Figure 5.3). 
During each channel test, no alteration was made to the circuit. Between channel 1 and 2 
tests the wires were manually re-connected to the appropriate input circuit terminals. The 
impedance scans were made for the frequency range of 1 kHz to 4 MHz with a step 
increment of 100 Hz. At the completion of each impedance scan, the circuit relays were 
either left on or switched off for 3 seconds and then switched on again.  
Depending upon what stage the fatigue cycle test is in (cycle or pause) the relay board 
switches transducer signals between the oscilloscope and the impedance analyser. The 
relay switching tests examined the consistency of both channels of the signal switching 
circuitry. The relay switching configurations tested are listed in Table 5.1. ‘On’ means there 
was no change to the relay between this impedance measurement and the previous 
measurement. ‘Off/On’ means the relay was switched so that the relay contacts used to 
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form the measurement circuit were off and then on again prior to measurement. The suffix 
(x2) added to ‘Off/On’ means that the sequence was repeated twice before the 
measurement was taken. The test configuration order was chosen to allow comparison of 
sequential similar and dissimilar switching operations. 
Table 5.1. Circuit relay switching configurations 
Test configuration Channel 1 Channel 2 
 Relay 1 Relay 3 Relay 2 Relay 3 
1 On On On On 
2 On On On On 
3 On Off then On On Off then On 
4 Off then On (x2) On Off then On (x2) On 
5 Off then On (x2) On Off then On (x2) On 
6 On Off then On On Off then On 
7 On Off then On On Off then On 
 
5.1.2 PVDF welding preparation methodology 
This section details the development experiments used to establish the sample 
preparation methods.  
5.1.2.1 Drying PVDF dope 
The NMP evaporation methodology was developed using data from Ong et al. (2011) and  
Arkema (2007) to establish initial experiment treatments for evaluation of their 
effectiveness. Three drying temperatures were chosen to be tested in this study 100°C, 
190°C, and 265°C. 100°C was the highest processing temperature reported by Ong et al. 
(2011), 190°C was the temperature found to be suitable for welding PVDF, 265°C is near 
the maximum processing temperature for activation of the chemical bonding process for 
Kynar® ADX PVDF powder.  
Three PZT discs (wraparound electrode configuration) were treated per temperature. For 
the first two test temperatures the specimens were dried using an oven preheated to either 
100°C or 190°C. For the 265°C treatment the specimens were placed on glass microscope 
slides covered with self-adhesive Teflon® tape and these were placed between the closely 
spaced (less than 1 cm) platens of a hot press preheated to 265°C.  
Samples were visually inspected at 5 minute intervals from the start up until 30 minutes of 
treatment time. At the end of the 30 minutes the treated discs were removed from the heat 
source and left to air cool. The discs were then subjected to the ADX PVDF adhesion 
activation process after which they were weighed and the post treatment thicknesses of 
the coated samples from the 190°C treatment were measured. The data was used to 
calculate the percent change in mass of the PVDF coating caused by the treatments.  
Based on the observations made during the first experiment a second experiment using 5 
new PZT discs (wraparound electrode configuration) was conducted. Disc thicknesses 
were measured before and after grinding, and discs were weighed before and after the 
application of the NMP ADX PVDF dope. The samples were then subjected to the 190°C 
treatment and removed from the heat source after 10 minutes of exposure. The samples 
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were left to air cool and then reweighed. The PZT discs were further treated by subjecting 
them to 15 minutes of heating at 265°C in the hot press. At the end of this period the discs 
were removed from the heat source, air cooled and reweighed. 
5.1.2.2 PVDF adhesion activation 
Dried ADX PVDF dope has minimal surface adhesion. To promote the chemical bonding 
between it and the coated surface, it is necessary to heat treat the compound at a 
temperature higher than the 190°C found to be effective for drying. A treatment at 265°C 
for 15 minutes was investigated for effectiveness. A qualitative assessment (ASTM D3808-
01) of this treatment regime was performed by PZT disc sectioning and microscope 
examination. 
5.1.2.3 PZT disc PVDF welding 
The outcomes required for a successful welding process of the PZT disc to the PVDF 
surface layer on the CFRP-PVDF substrate are the; 
 Development of a welding process. 
 Production of an even bond thickness.  
 Formation of a uniform spew fillet around the perimeter of the weld interface. 
The formation of the weld joint and spew fillet are influenced by the viscosity of the melted 
polymer, the applied pressure and the time period over which flow is allowed to occur. To 
achieve the highest uniformity between specimens used for each set of fatigue 
experiments the test specimens were processed simultaneously. The size and number of 
test specimens meant that these could only be welded in the oven.  
The ADX PVDF surface layer on the coated discs has a slight concave shape (Figure 5.4) 
which has the potential to trap air between itself and the substrate PVDF layer. To reduce 
this risk the welding process was conducted in vacuum conditions.  
 
Figure 5.4. PZT disc PVDF coating surface profile  
 
Figure 5.5. Sectioned PVDF welded PZT disc close-up 
 
The PVDF film welding experiments showed that adequate melting and consolidation of 
PVDF film layers in vacuum occurred at a processing temperature of 190°C. To determine 
PVDF  
CFRP  
Dark band 
shows high 
area on PZT 
PVDF coating  
1 mm 
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if this methodology would be effective for welding PZT discs a trial was conducted using 4 
ADX PVDF coated PZT (wraparound electrode configuration) discs. These were welded to 
30 mm x 30 mm CFRP-PVDF substrate specimens. Results from these trials showed good 
qualitative adhesion to the CFRP-PVDF. The samples from these experiments were 
sectioned and examined under microscope (Figure 5.6). 
 
Figure 5.6. Sectioned PVDF welded PZT disc 
 
5.1.2.4 PZT disc debonding 
The PZT disc debonding experiments used a temperature of 190°C. This temperature was 
chosen based upon the data of ((Kotzev et al., 1981), p1943) and the results of the PVDF 
welding experiments. Samples were placed into the oven on a large aluminium caul plate 
which had been preheated to 190°C. These were left for 10 minutes to reach and stabilise 
at oven temperature before being individually removed from the oven and PZT discs 
debonded. The large caul plate was used to reduce the effective temperature drop in 
sample temperature that occurred each time the oven was accessed to remove a sample. 
5.1.3 PZT disc processing 
The processing of the PZT discs during sample preparation and post-test disassembly 
removes a finite amount of electrode material and exposes the PZT ceramic to heat cycles 
both of which can affect the PZT discs impedance signature.  
This section details the investigation of processing on the impedance signature of the PZT 
discs. The sample preparation steps having the highest probability of affecting IA 
measurements are:  
 PZT disc surface grinding. 
 Test specimen processing heat cycles. 
5.1.3.1 PZT disc surface grinding 
The PZT discs electrode surface is prepared for bonding and coating by abrading with 
P1500 grade carborundum abrasive paper. The grinding process used to prepare samples 
during this project removes a minute amount of material evenly from the discs lower 
electrode surface.  The distribution of the metal removal over the electrode surface is 
important. The removal of too much electrode material results in exposure of the 
underlying ceramic element (Figure 5.7). This occurs if the disc is not ground parallel or if it 
1 mm 
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is ground too much. The result of which is that electrical connectivity to the piezoceramic is 
reduced and the transducers impedance behaviour is altered.   
To investigate the effect of surface grinding, three experiments were conducted:  
1. The first experiment examined the effect of complete removal of electrode material 
from areas of the disc ceramic on the impedance signature. The relationship 
between area removed and change in impedance is used as a guide to the level of 
electrode removed using the surface grinding process; for which it is not possible to 
assess the total percentage of electrode area removed. Transducers subjected to 
the electrode etching process were not used for fatigue sample construction. 
2. The second experiment was used to check whether the proposed PZT disc 
processing methodology did or did not significantly affect the impedance signature.  
3. The third experiment investigated the effect of accumulated even removal of 
electrode metal from the disc surface to determine how much material could be 
removed before it significantly affected transducer disc impedance. 
Experiment 1 (electrode etching) 
Three discs (wraparound electrode configuration) were used in this experiment. Mass and 
impedance were measured before and after each treatment. The treatments removed 
approximately 5%, 10%, 15%, 20% and 25% of the area of electrode material on the discs 
lower electrode surface (Figure 5.7).  Cytec® Flashtape 1 was used to mask the electrode 
to protect the rest of the area.  
The exposed electrode material was then removed by etching with a 25% solution of nitric 
acid painted on and replenished with a small paintbrush. After etching the PZT discs were 
rinsed with methanol, the tape mask removed and the discs cleaned with acetone and 
dried. Five sequential impedance measurements were made for each disc before and after 
each etching process using a scan range and frequency step of 1 kHz to 2.5 MHz and 100 
Hz respectively.  
Each etch treatment (5% of electrode area) removed an average of 0.32 mg of electrode 
material (standard deviation of 24.65%). After the completion of the etching and 
impedance measurements the etched areas on the discs were painted with 4 coats of 
Kemo® L100 conductive silver varnish. When the varnish had dried disc impedance 
measurements were made. 
 
Figure 5.7. PZT transducers with lower surface electrode nominal area removed 
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Experiment 2 (pre post single grind operation) 
Five PZT discs (wraparound electrode configuration) from the no change, and BNC to 
SMD grip repositioning experiments were used for this experiment. The ‘before’ and ‘after’ 
disc thickness and mass were recorded. The thickness was measured at 10 sites spaced 
across the diameter (Figure 5.2). Mass was measured using an Ohaus analytical balance. 
Impedance measurements were taken using the BNC to SMD pincer grip probe for the 
frequency range of 1 kHz to 4 MHz with a 100 Hz frequency step interval. The discs were 
ground as per the process described in Section (A.6.2), and ultrasonically cleaned with 
acetone for 2 minutes. Discs were then removed, rinsed with acetone and let air dry on lint 
free cloth. The relative location of the pincer on the disc was kept the same for ‘before’ and 
‘after’ measurements (Figure 5.2). Each measurement was repeated five times. The same 
measurement conditions were used as for the previous no change experiment. 
Experiment 3 (progressive grinding) 
The experiment used three wraparound PZT discs. These were subjected to 10 even 
grinding operations using the sample preparation method outlined in Section (A.6.2) for 
preparing transducers for bonding. The discs were weighed using an Ohaus mass balance 
(resolution 0.1 mg) before and after treatment. After each treatment the impedance 
signature was measured for the frequency range 1 kHz to 2.5 MHz in steps of 100 Hz. For 
each disc five sequential measurements were taken with no alteration made to the 
transducer or to the impedance analyser.  
5.1.3.2 Effect of test specimen processing heat cycles 
During the fabrication of test specimens for the primary experiments a number of 
processing steps expose the PZT discs that are to be welded to high temperatures (Table 
5.2). The difference between this and the adhesive bonding processing method meant that 
the effect of heating on the impedance signature of the discs needed to be investigated.  
Table 5.2. PZT transducer processing maximum exposure temperatures  
Cycle Name Max Temperature (°C) 
PVDF dope drying 190 
PVDF adhesion activation 265 
PZT CFRP welding 190 
PZT CFRP debonding 190 
Dissolving PVDF off PZT 80 
 
The experiment was conducted to determine if the heat exposure (either individually or 
cumulative) affected the impedance signature of the transducers. Two groups of 5 
transducers (wraparound electrode configuration) were subjected to the heat treatments 
listed in Table 5.3. 
The exposure period for each treatment was 15 minutes. Following heat exposure the 
discs were air cooled to room temperature and the impedance measured. The BNC to 
SMD pincers positioned within a 0.75 mm radius of the same relative location on the disc 
(Figure 5.2). 
101 
 
All PZT discs were exposed to heat whilst open circuited this is contrary to the 
manufacturer recommendations ((Ferroperm, 2006), p1). This choice was made because 
the processing of the PZT discs for actual specimen fabrication does not short circuit the 
transducer discs because of the increased complexity it would add to the processing 
methodology. Discs were prepared by ultrasonic washing and air drying. These were then 
placed on glass microscope slides and treated as described in the appendix section A.6.  
Group 1 discs were subjected to treatment 1, the PVDF dope drying procedure and then 
were removed from the heat source and allowed to air cool on a bench until they attained 
room temperature. A post treatment impedance scan was performed before the 
transducers were subjected to treatment 2, the PVDF adhesion promotion process. At the 
completion of this treatment the discs were removed from the heat source, air cooled and 
an impedance measurement performed. The discs were then subjected to treatment 3. 
Group 2 discs were exposed to all treatments sequentially, impedance measured prior to 
the start and at the completion of all three heat treatments. The group 3 dataset is collated 
from additional test results conducted separately to the experiments in this section. 
Table 5.3. PZT transducer heating effect treatments 
Disc group Group 1 Group 2 Group 3 
Treatment 1 PVDF dope drying PVDF dope drying PVDF dope drying 
Treatment 2 PVDF adhesion promotion PVDF adhesion promotion  PVDF dope drying 
Treatment 3 Repeat of Treatment 2 PZT CFRP welding PVDF adhesion promotion 
 
Prior to and after treatment a single impedance scan for each PZT disc was taken for the 
impedance frequency range 1 kHz to 2.5 MHz, with frequency step size of 500 Hz (disc 
groups 1 and 3) and 100 Hz (disc group 2), with a 1 ms delay period between frequency 
measurements. 
5.2 Primary experiments 
5.2.1 Static tensile tests 
Cyanoacrylate tensile strength data (Figure 6.95) was generated for the range of surface 
roughnesses shown in Figure 3.18 for adhesive thicknesses of 50 µm, 100 µm and 250 
µm. Samples preparation was based upon ASTMD2651-01 (2009) and ASTMD2094-00 
(2007), and the test procedure upon ASTMD897-01 (2007) and ASTMD2095-96 (2007). 
For each bonding experiment, the test specimens were prepared as two batches of 6 test 
samples.  
The test apparatus is specified in the appendix section A.6 and is based upon the design 
presented in ASTMD897-01 (2007) (Figure 1 (p14) and Figure 2 (p15)) and ASTMD2095-
96 (2007) (Figure 1 (p150)). The tensile tests were conducted on an Instron tensile testing 
machine  (model number 5582) with a 10 kN load cell and self-aligning fixtures as per 
ASTMD2095-96 (2007), (p149). Bonded adherends were tested in the order of 
manufacture. Throughout these experiments the test caps (Figure 3.11) were paired with 
the same adherends in the same orientation relative to each other and to the adherends. 
102 
 
To achieve good machine to specimen alignment, each sample was settled by jiggling the 
specimen whilst applying a loading force of 5 N whilst the machine was in software 
controlled specimen protect mode. Once the specimen was correctly set (Figure 5.8) the 
displacement was electronically zeroed and automated control of the test initiated using 
the Bluehill software interface. Crosshead speed was 0.65 mm/minute, less than the 
maximum allowable of 1.3 mm/minute ((ASTMD897-01), p15)).  
 
 
Figure 5.8. Static tensile test specimen in grips 
 
5.2.2 Fatigue tests 
The fatigue testing was conducted on an Instron servo hydraulic tensile test machine 
(model number 1342) equipped with a 100 kN load cell and hydraulic serrated grips with 
grip pressure set to 2100 psi (14.48 MPa). The fatigue test cycling regime was a sinusoidal 
loading cycle at 5 Hz cycling rate with a minimum to maximum strain ratio (R) of 0.1. The 5 
Hz cycling rate was chosen to ensure negligible specimen temperature rise ((Ferreira et 
al., 2005), p2).  
Prior to the attachment of the PZT transducers to the CFRP-PVDF substrate, stress strain 
curves were generated for each test substrate coupon. For these tests the strain was 
measured by a 50 mm extensometer with knife edges attached to the non PVDF side of 
the gauge area of the test substrate. This data was used to define the parameters for the 
cyclic fatigue tests. The fatigue test parameters are listed in Table 5.4. Fatigue test 
treatments are specified in terms of the maximum strain value. 
Table 5.4. Fatigue experiment strain range load parameters 
 
Load (kN) 
Strain Range (µɛ) Average Minimum Maximum 
100-1000 1.95 0.354 3.54 
200-2000 3.85 0.7 7.00 
300-3000 5.78 1.05 10.5 
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During fatigue testing specimen strain was measured using the Instron test machines 
inbuilt linear variable differential transformer (LVDT). Within the development of the fatigue 
testing procedure a comparison between the LVDT and the surface mounted 
extensometer was performed whilst a CFRP-PVDF specimen was being cycled. This data 
showed that there was no slippage of the specimen and that the LVDT provided an 
adequate measurement of sample extension. For all fatigue tests performed no instance of 
slippage was observed during testing between the specimen and the grips or between the 
specimen main body and the bonded end tabs.  
The transducer output voltage and impedance data were captured using an automated 
data logging system (ADLS). LabView custom written modules used to manage the 
logging hardware were executed on a desktop personal computer. Details of the ADLS are 
listed in the appendix section A.5. 
The three strain range treatments shown in Table 5.4 were used to test the different 
bonding systems in rounds 3 and 4 of fatigue testing experiments. The 1000 µɛ range was 
used to check the uniformity of transducer response across all test samples at a low strain 
range that posed little chance of damaging the transducers or the bondline. The 2000 µɛ 
and 3000 µɛ ranges were used to form the bonding system comparative datasets. 
Each treatment consisted of 50,000 cycles this was divided into 1,000 cycle blocks 
between which the specimen was held at the average strain value and an impedance 
spectra measurement performed. During cycling periods the specimens were loaded 
between maximum and minimum strain levels and the transducer voltage output signal 
was logged. 
The measurement of impedance spectra during the treatment pause period was divided 
into 3 scan segments. The measurement parameters for fatigue testing are listed in Table 
5.5. 
Table 5.5. Impedance spectra measurement parameters 
Scan segment Scan range (kHz) Frequency increment (Hz) 
1 10-200 1000 
2 200-300 200 
3 300-350 1000 
Pre-test and post test 0.1-4000 100 
 
At the start of each treatment the specimen was connected to the data logging system and 
a pre-test impedance spectra measurement performed (Table 5.5) whilst the sample was 
in an unclamped and unloaded state and whilst in an unclamped and unloaded state, 
these measurements were repeated at the end of the treatment. The unclamped and 
unloaded data forms the %RMSD comparison data for transducers whilst still mounted on 
the substrate. 
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5.3 Chapter Summary 
This chapter outlines the preliminary and primary experiments undertaken for this project. 
Preliminary experiments were used to develop the sample preparation processes and 
methodology needed to build test samples for the primary static tensile test and fatigue 
test experiments.  
The preliminary experiments considered the effect of test procedure on impedance 
measurement and assessed the consistency of impedance measurement and automated 
data logging system operation. The fatigue test sample preparation stages; ADX dope 
preparation, transducer surface preparation, dope drying, transducer welding and 
transducer debonding were investigated to develop a working methodology which could be 
used to produce consistent PVDF welded transducers. 
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Chapter 6  
Results 
 
This chapter covers the analysis and results for the preliminary and primary experiments. 
For the preliminary experiments the data analysis processes used are explained in the 
relevant individual sections. Whereas the analysis processes for the primary experiments 
(fatigue results) are described in the following section.  
Note that some data presented in this chapter uses the labelling description; CFRP #, PZT 
ID #, with or without (bond type). CFRP # refers to a specific CFRP substrate specimen 
number and PZT ID # refers to a specific PZT transducer number, (bond type) refers to 
either a cyanoacrylate or PVDF bond layer between the specified substrate number and 
the specified transducer number.  
6.1 Data analysis 
Two data types were recorded during the fatigue experiments transducer output voltage 
and transducer impedance.  
During specimen cycling transducers produced a sinusoidal varying voltage output signal 
with the same frequency as the specimen load cycling. The voltage signal logging system 
sampled voltage data from both transducers once for every 20 strain cycles (4 second 
intervals), each sample dataset spanned 2½ strain cycles (0.5 second period) of data. At 
every 1,000 cycles specimen cycling was paused and the substrate held at the average 
cycle strain whilst an impedance analysis was performed.  
6.1.1 Analysis of voltage data 
Each individual data file recorded during cycling of the test specimen contains the voltage 
output information for both transducers. Figure 6.1 shows a typical unprocessed raw 
voltage data output trace for healthy PZT transducer elements (Round 3, CFRP 10, PZT 
ID 31 (PVDF) and PZT ID 28 (cyanoacrylate), 2000 µɛ) for the 80 to 100 cycle period.  
The raw data was processed using customised scripts and MatLab® software. Search 
ranges defined in the MatLab script extracts the two maximum (Maxima 1 and Maxima 2) 
and minimum (Minima 1 and Minima 2) values for each signal trace. The extracted data 
set is then filtered to remove data pairs corresponding to voltage maxima or minima values 
recorded immediately before or after a pause period. This is necessary because these 
data pairs usually contain sinusoidal voltages produced by specimen loading at less than 
the full strain range which are not therefore typical representations of the transducer 
condition; for example specimen loading from the average strain value to full strain value 
produces a smaller magnitude maximum voltage. 
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Figure 6.1. Raw voltage output (Round 3, CFRP 10, PZT ID 31, PZT ID 28, 2000 µɛ) 
 
This filtered data is then averaged by maxima and minima pair to produce two values 
representative of each 2½ cycle sample. These values are then averaged to produce a 
value representative of 1,000 specimen loading cycles. This data is presented in Figure 
6.2 it shows the averaged transducer output voltage maximum and minimum for CFRP 10 
PZT ID 28 at 2000 µɛ. 
 
Figure 6.2. Processed voltage output (Round 3, CFRP 10, PZT ID 28 (cyanoacrylate), 2000 µɛ) 
 
6.1.2 Analysis of impedance spectra data 
The impedance spectra data measured from unclamped test specimens before and after 
testing was conducted over a larger frequency range and with a smaller frequency 
increment than the impedance spectra measured in-test during the pause periods. This 
strategy was used to minimise the total cumulative time required for fatigue testing of each 
specimen.  
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Figure 6.3 shows a pre-test unclamped impedance spectrum. Note that the displayed 
frequency range has been truncated to 2500 kHz to improve clarity of the lower frequency 
bands. Figure 6.4 shows the shorter in-test impedance scan.  
 
 
Figure 6.4. Imaginary admittance spectra at 1,000 load cycles (Round 3, CFRP 10, PZT ID 31, 2000 µɛ) 
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Figure 6.3.  Pre 1000 µɛ test imaginary admittance spectra (Round 3, CFRP 10, PZT ID 31) 
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The metric which forms the basis for the comparisons between the bonding systems and 
between treatments is calculated using the %RMSD of the real admittance signature 
(conductance) from a baseline reference conductance signature using the formula 
presented in (Bhalla et al. (2002), p489). 
The baseline reference signatures used were: 
1) The before bonding untreated transducer disc impedance spectra (impedance 
analysis of detached PZT transducer discs) 
2) The pre-test unclamped fatigue specimen impedance spectra (%RMSD of substrate 
mounted transducers analysis) 
3) The pre-test clamped specimen (0 µɛ condition) impedance spectra (comparison of 
impedance measurements taken during testing pause periods). 
It is noted that for this third comparison, the impedance spectrum of the specimen is 
changed by the boundary conditions that it is subjected to at the time of measurement. 
This difference is the specimen being clamped at the time of testing with no load (0 µɛ) 
and the specimen being clamped and loaded at the average strain of 550 µɛ (1000 µɛ 
cycling tests), 1100 µɛ (2000 µɛ cycling tests) and 1650 µɛ (3000 µɛ cycling tests). The 
average strain loading creates an offset in the impedance signature and in the resulting 
%RMSD calculations. For these experiments this was deemed an acceptable trade-off in 
return for not exposing the transducer-substrate system to the risk of damage during 
loading from zero to the average strain. It is assumed that the specimen clamping and 
loading conditions were constant throughout the testing process when the specimens were 
held at average strain.  
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6.2 FEA Results 
Note that for all FEA result contour diagrams throughout this report the legend scale units 
are strain (for strain scales) and Pascals (for stress scales). Note also that where plot 
legends shows ‘2 element’, this refers to 2 elements through the silver electrode layer ‘3 
element’ refers to 3 elements and so forth. ‘Full’ or ‘Half’ refers to the full model or the half 
model geometry respectively. 
6.2.1 3D half model to full model comparison 
Data presented in this subsection is obtained from models constructed with the following 
details:  
 A single standard electrode configuration PZT transducer bonded to CFRP by a 160 
µm thick Cyanoacrylate1 adhesive layer, simplified basic geometry (no adhesive 
fillet). 
 2000 µɛ applied in the Y axis direction of the substrate as a displacement. 
 2, 3, 4 or 5 elements (half models) and 2 or 3 elements (full models) through the 
thickness of the silver electrode layers. 
Figure 6.5 shows contour diagrams for the FEA results for the complete model and half 
model with 2 elements through the thickness of the silver electrode layer. These diagrams 
show that the simulations produce similar distributions of stress and strain.  
Small localised differences exist between the half and full model results at or near the 
perimeter boundary of the adhesive layer. Y-Z shear stress data extracted along path 1 
(Figure 4.14) for both model types and for all thickness element numbers shows that the 
values coincide for most of the radial distance (Figure 6.6). The data diverges slightly 
between 4.7 mm and 5 mm radial distance (Figure 6.7), a similar trend is shown for Y-Z 
shear stress obtained from along path 2 (Figure 6.8) and path 3 (Figure 6.9). This trend is 
consistent for Y-Z shear strain and Y-Z shear stress along each interface line extraction 
path. This is also true for X, Y, Z, X-Z shear strain, Von Mises equivalent strain and Von 
Mises equivalent stress (Figure 6.10) data types.  
From this data it is concluded that the full and half 3D models produce similar results. 
Slight differences in model results between the full and half model types exist near the 
perimeter boundary. For the 2 element through the thickness models, the percentage 
relative difference between Von Mises equivalent stress values for the full and half model 
is shown in Figure 6.11, full model values are used as the baseline data set for this 
comparison.  
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Figure 6.5. Full and half 3D model, 2 element, 2000 µɛ, FEA results contour diagrams  
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Figure 6.7. Full and half models, Path 1, Y-Z shear stress, 4.5 mm to 5 mm radial position 
 
 
Figure 6.8. Full and half models, Path 2, Y-Z shear stress, 4.5 mm to 5 mm radial position 
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Figure 6.6. Full and half models, Path 1, Y-Z shear stress, - 5 mm to + 5 mm radial position 
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Figure 6.10. Full and half models, Path 1, Von Mises equivalent stress, 4.5 mm to 5 mm radial position 
 
 
Figure 6.11. % relative difference between full and half model, Path 1, Von Mises equivalent stress 
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Figure 6.9. Full and half models, Path 3, Y-Z shear stress, 4.5 mm to 5 mm radial position 
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6.2.2 3D model increasing through layer thickness element number 
Figure 6.7, Figure 6.8, Figure 6.9 and Figure 6.10 show that the FEA results are similar 
between all models. Results from models produced using 2, 3, 4 or 5 elements differ near 
the perimeter boundary of the transducer layers. 
The FEA models were built by creating two areas, one which formed the circular base of 
the adhesive-transducer structure and one which formed the remainder of the rectangular 
CFRP substrate surface area. Both of these regions were surface meshed and then used 
to extrude volumes in the +/- Z axis direction to produce the meshed material layer 
volumes. Path1 lies on the same plane as the initial surface meshed area. The surface 
mesh specifications used to mesh the areas influence the shape of the 3D elements in the 
meshed volumes. For some of the 3D models the individual element area size limit 
imposed on surface meshing was changed to minimise the number of element shape 
distortion warnings issued for volume elements. The area size limit settings used for each 
model are listed in Table 6.1. 
Table 6.1. Half and full model surface mesh AESIZE values 
AESIZE values 
2 element 
Full model 
2 element 
Half model 
3 element 
Half model 
3 element 
Full model 
4 element 
Half model 
5 element 
Half model 
Circular Area 1.0E-04 8.0E-05 8.0E-05 7.5E-05 5.0E-05 4.0E-05 
Rectangular Area 3.0E-04 3.0E-04 3.0E-04 3.0E-04 2.5E-04 2.5E-04 
 
The settings imply that the 2 element full model has the coarsest mesh, and the 5 element 
half model has the finest mesh. The 2 and 3 element half models and the 3 element full 
models use similar settings and the results produced by these models are almost identical. 
The data trend pattern exhibited in Figure 6.10 is in the same order as the mesh size 
parameters listed in Table 6.1. The data shows that the results from either half or full 
models is consistent at 3 elements providing that the mesh density is kept the same. The 
data indicates that increasing the number of elements beyond 2 produces minimal change 
in the result along path 1 and that near perimeter boundaries finer meshing changes the 
result in that region. 
Path 2 and path 3 represent the lowermost and uppermost boundaries of the bottom silver 
electrode layer respectively. The Y-Z shear stress data for these regions are shown in 
Figure 6.8 and Figure 6.9. The 2 and 3 element model data patterns for Figure 6.8 are 
consistent indicating that either 2 or 3 elements through the thickness are adequate. The 
Figure 6.9 data shows all models predict very similar results. From these data it is 
concluded that results from 3D full and half models with 2 elements through the thickness 
of the silver electrode layer are similar and that 2 elements are sufficient for 3D modelling 
purposes. 
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6.2.3 3D model effect of electrode type and electrical connection method 
Data presented in this section is obtained from standard and wraparound electrode 
configuration models constructed with the following details:  
 A single PZT transducer bonded to the CFRP substrate by a 160 µm thick 
Cyanoacrylate1 adhesive bond layer, simplified basic geometry (no adhesive fillet). 
 2000 µɛ applied in the Y axis direction of the substrate as a displacement. 
 2 elements through the thickness of the silver electrode layers. 
6.2.3.1 Electrode type 
The results of the FEA simulations examining the effect of transducer silver electrode layer 
type (standard or wraparound type) and relative orientation (wraparound electrode type 
parallel or perpendicular to the applied substrate displacement (Figure 4.4)) are shown in 
Figure 6.12 through to Figure 6.17. Compared to the standard electrode type (Figure 6.12) 
the presence of the wraparound electrode side strip (Figure 4.12) and the discontinuous 
top silver layer (Figure 3.31) alter the stress distributions in their vicinity. Each of the right 
hand images in Figure 6.12, Figure 6.13 and Figure 6.14 show the PZT transducer and 
bond layer assembly rotated 90º anticlockwise around the Z axis. These and the left hand 
images show that the stress patterns located away from the electrode top and side strip 
are similar for all transducers.  
 
Figure 6.12. Standard electrode configuration, Von Mises equivalent stress (Pa) 
 
 
Figure 6.13.Wraparound electrode configuration, parallel orientation, Von Mises equivalent stress (Pa) 
 
 
Figure 6.14. Wraparound electrode configuration, perpendicular orientation, Von Mises equivalent stress (Pa) 
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The effect of the silver electrode patterns on the stress distribution in the PZT ceramic disc 
itself is shown in Figure 6.15, Figure 6.16 and Figure 6.17. Note that the left hand image of 
each figure shows the top view and the right hand image shows that bottom view of Y-Z 
shear stress distribution. The maximum and minimum values shown on the stress scale 
legend of each image indicates that the electrode type or the orientation of the wraparound 
electrode relative to the applied displacement has minimal effect on Y-Z shear stress. 
 
Figure 6.15. PZT ceramic, standard electrode configuration, Y-Z shear stress (Pa) 
 
 
Figure 6.16. PZT ceramic, wraparound electrode configuration, parallel orientation, Y-Z shear stress (Pa) 
 
 
Figure 6.17. PZT ceramic, wraparound electrode configuration, perpendicular orientation, Y-Z shear stress (Pa) 
 
These results show that compared to the axisymmetric standard electrode the non-
symmetric wraparound electrode and the orientation of the electrode to the applied load 
does not significantly affect stress distribution within the piezoceramic.  
6.2.3.2 Electrical connection method 
FEA results investigating the effect of the electrical connection methods are shown in 
Figure 6.18 through to Figure 6.24. The right hand images of Figure 6.18 to Figure 6.20 
show the PZT transducer bond layer assembly rotated 90º anticlockwise around the Z 
axis. Figure 6.18 shows the results when acrylic material properties are applied to the 
conductive ink layer (Figure 4.3), Figure 6.19 shows the results when conductive epoxy 
properties are applied to the conductive ink layer. Figure 6.20 is the result from application 
of copper foil as the electrical connection layer. Note this model uses the Cyanoacrylate1 
material properties for the copper foil bonding layer.  
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Figure 6.18. Wraparound electrode configuration, conductive ink (Acrylic), Von Mises equivalent stress (Pa) 
 
 
Figure 6.19. Wraparound electrode configuration, conductive ink (Epoxy), Von Mises equivalent stress (Pa) 
 
 
Figure 6.20. Wraparound electrode configuration, copper foil layer, Von Mises equivalent stress (Pa) 
 
The use of the conductive ink with acrylic material properties produces a result similar to 
that of the wraparound electroded transducer with no electrical connection layer (Figure 
6.14). Compared to the use of acrylic material properties for the conductive ink (Figure 
6.18) the application of the conductive epoxy material properties (Figure 6.19) produces an 
increase in the minimum value and the maximum value of Von Mises equivalent stress as 
shown by the range on the image legends. The maximum legend stress values show that 
the epoxy properties produce a 2.3% larger maximum stress than the acrylic properties. 
Within the PZT ceramic layer the (epoxy) conductive ink produces a small increase of less 
than 1% in Y-Z shear stress (Figure 6.21) over a bare wraparound electrode PZT (Figure 
6.17). 
Using the bare wraparound electrode configuration transducer as a baseline the addition 
of a copper foil electrical connection layer increases the maximum value of Von Mises 
equivalent stress by 66.2% for the whole transducer assembly (Figure 6.20). Within the 
PZT ceramic layer the addition of the copper foil layer increases the maximum Y-Z shear 
stress by 2% (Figure 6.22). 
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Figure 6.21. PZT ceramic, wraparound electrode configuration, conductive ink (Epoxy), Y-Z shear stress (Pa) 
 
 
Figure 6.22. PZT ceramic, wraparound electrode configuration, copper foil layer, Y-Z shear stress (Pa) 
 
Sections taken at 5%, 10%, 25%, 50%, 75%, 90% and 95% up through the thickness of 
the PZT ceramic element layer show that the electrode type and electrical connection 
configuration have an effect on Von Mises equivalent stress that extends into the ceramic 
layer. Figure 6.23 shows slices for the standard electrode (left hand image) and the 
perpendicular orientation of the wraparound electrode (right hand image). Figure 6.24 
shows slices for a wraparound electrode with conductive ink (epoxy material properties) 
(left hand image) and copper foil and its Cyanoacrylate1 bond layer (right hand image).  
The images show that compared to a standard electrode configuration the other 
configurations change the pattern of stress distribution within the PZT material layer. The 
wraparound electrode layer changes the stress distribution pattern within the top 75% to 
100% portion of the PZT ceramic (Figure 6.23). The conductive ink layer affects the stress 
distribution pattern in the top 50% to 100% portion of the ceramic layer (Figure 6.24). The 
copper foil electrical conductive layer (Figure 6.24) affects the stress distribution 
throughout the whole PZT ceramic element. This is indicated by the change in stress 
distribution patterns for each slice from 5% to 95%.  
Whilst the overall change in total shear stress magnitude produced in the ceramic material 
layer by the addition of the copper foil layer is small at approximately 2% the change in 
stress distribution throughout the material is widespread. Whether this type of electrical 
connection method is beneficial or detrimental to the fatigue performance of a transducer 
cannot be answered by this data. By comparison the use of the conductive ink electrical 
connection method has reduced effect on total stress magnitude and stress distribution 
patterns within the piezoceramic element. Compared to a transducer with no electrical 
connection the conductive ink connection method produces minimal change and does not 
affect the piezoceramic in the vicinity of the bond layer. 
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Figure 6.23. PZT ceramic layer slices, standard (left), wraparound (right), Von Mises equivalent stress (Pa) 
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Figure 6.24. PZT ceramic layer slices, conductive ink (left), copper foil (right), Von Mises equivalent stress (Pa) 
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6.2.4 3D model effect of bond thickness and materials at each strain level 
The data presented in Figure 6.25 through to Figure 6.32 is obtained from models upon 
which bond layer thickness and the substrate strain was changed. The model 
configurations used were: 
 A single standard electrode transducer bonded to the CFRP substrate by a 100 µm 
or 160 µm thick Cyanoacrylate1 adhesive bond layer with simplified basic geometry 
(no adhesive fillet). 
 1000 µɛ, 2000 µɛ or 3000 µɛ applied in the Y axis direction of the substrate as a 
displacement. 
 2 elements through the thickness of the silver electrode layers. 
6.2.4.1 Bond thickness and strain level 
Figure 6.25 shows the Y direction strain along path 1 the substrate adhesive layer 
interface. In its vicinity the bonded transducer affects substrate strain the large peak in 
strains near the perimeter of the transducer and the gradual decrease towards the centre 
of the transducer is indicative of shear lag caused by the bond layer.  
 
Figure 6.25. 3D model Y direction strain, Path 1, - 5 mm to + 5 mm radial position 
 
This effect is reduced in the 100 µm thick bond layer compared to the 160 µm thick bond 
layer, the thinner layer is better able to transfer strain to the transducer this is shown in the 
results of Figure 6.27.  
Figure 6.26 shows that larger Y direction stress levels are produced by the thicker bonds 
at 0 mm radial location (the centre of the transducer). The difference in strain values 
between Figure 6.25 (path1, the substrate adhesive boundary) and Figure 6.27 (path 2, 
the adhesive silver electrode boundary) illustrates the strain buffering effect of the bond 
layer. Figure 6.27 shows the strain at the adhesive silver electrode interface is reduced 
more by a thicker bond layer than a thinner bond layer. This effect is demonstrated by the 
level of strain in the 100 µm 2000 µɛ FEA model being similar to that in the 160 µm 3000 
µɛ FEA model. Y direction strain peaks at the centre of the transducer. 
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Figure 6.26. 3D model Y direction stress, Path 1, - 5 mm to + 5 mm radial position 
 
 
Figure 6.27. 3D model Y direction strain, Path 2, - 5 mm to + 5 mm radial position 
 
The Z direction (normal) strains shown in Figure 6.28 are largest near the perimeter of the 
transducer these increase as the applied substrate strain is increased. For the same 
applied substrate strain the thinner bond layer produces larger peel strains. Z direction 
strain is similar for the 100 µm 2000 µɛ and 160 µm 3000 µɛ models.  
The thinner bond layers produce larger Y-Z shear strains for the same applied substrate 
strain value (Figure 6.29), the effect of these strains is mirrored in the stresses developed. 
Figure 6.30, Figure 6.31 and Figure 6.32  show Y direction, Z direction and Y-Z shear 
stresses respectively for path 2. The largest stresses occur near the perimeter boundary of 
the path, decreasing bond thickness or increasing substrate strain increases the level of 
stress. 
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Figure 6.28. 3D model Z direction strain, Path 2, - 5 mm to + 5 mm radial position 
 
 
Figure 6.29. 3D model Y-Z shear strain, Path 2, - 5 mm to + 5 mm radial position 
 
 
Figure 6.30. 3D model Y direction stress, Path 2, - 5 mm to + 5 mm radial position 
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Figure 6.31. 3D model Z direction stress, Path 2, - 5 mm to + 5 mm radial position 
 
 
Figure 6.32. 3D model Y-Z shear stress, Path 2, - 5 mm to + 5 mm radial position 
 
6.2.4.2 Material effect 
The three materials used for the bond layer properties in the FEA simulations; 
Cyanoacrylate1, Cyanoacrylate2 and PVDF are compared in Figure 6.33, Figure 6.34 and 
Figure 6.35. The data shown is from simplified basic geometry models constructed with a 
160 µm bond layer thickness and with 2000 µɛ applied substrate strain in the Y axis 
direction. 
Along path 2 (the bond layer silver electrode interface) the strain results follow the order of 
bond material tensile modulus. The lower the modulus the smaller the Y (Figure 6.33) and 
Z direction strain (Figure 6.34) and the larger is magnitude of the shear strain (Figure 
6.35). The strain response produced by Cyanoacrylate2 and PVDF is similar because of 
their similar material properties. The stresses developed are shown in Figure 6.36, Figure 
6.37 and Figure 6.38. These show that the Cyanoacrylate1 bond layer produces the lowest 
Y and Z direction, and Y-Z shear stresses. PVDF and Cyanoacrylate2 perform similarly.    
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Figure 6.33. 3D model Y direction strain, 2000 µɛ,160µm bond, Path 2, - 5 mm to + 5 mm radial position 
 
 
Figure 6.34. 3D model Z direction strain, 2000 µɛ,160µm bond, Path 2, - 5 mm to + 5 mm radial position 
 
 
Figure 6.35. 3D model Y-Z shear strain, 2000 µɛ,160µm bond, Path 2, - 5 mm to + 5 mm radial position 
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Figure 6.36. 3D model Y direction stress, 2000 µɛ,160µm bond, Path 2, - 5 mm to + 5 mm radial position 
 
 
Figure 6.37. 3D model Z direction stress, 2000 µɛ,160µm bond, Path 2, - 5 mm to + 5 mm radial position 
 
 
Figure 6.38. 3D model Y-Z shear stress, 2000 µɛ,160µm bond, Path 2, - 5 mm to + 5 mm radial position 
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The Y-Z shear strain for all bond materials along path 2 at 2000 µɛ and 3000 µɛ are shown 
in Figure 6.39 and the corresponding Y-Z shear stresses are shown in Figure 6.40. 
Cyanoacrylate1 at 3000 µɛ produces the largest shear strain response, much larger than 
either PVDF or Cyanoacrylate2. However the lower modulus of Cyanoacrylate1 produces 
a smaller level of shear stress compared to either PVDF or Cyanoacrylate2. 
 
Figure 6.39. 3D model Y-Z shear strain, 2000 µɛ, 3000 µɛ, 160µm bond, Path 2, 0 mm to 5 mm radial position 
 
 
Figure 6.40. 3D model Y-Z shear stress, 2000 µɛ, 3000 µɛ, 160µm bond, Path 2, 0 mm to 5 mm radial position 
 
The data shows that stresses are largest near the perimeter boundary of the transducer, 
the thin bond layers produce bigger stress magnitudes than thick bond layers for the same 
applied substrate strain. The difference between results for models using PVDF and those 
using Cyanoacrylate2 as a bond material is small, the differences are more obvious when 
looking at strain than when looking at stress.  
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6.2.5 2D mesh study and 2D model to 3D half model comparison 
2D FEA model results were compared to 3D half model results. The 2D (Figure 4.6) and 
3D models (Figure 4.5) were constructed with the following details;  
 A single standard electrode transducer bonded to CFRP by a 160 µm thick 
Cyanoacrylate1 adhesive layer, simplified basic geometry (no adhesive fillet). 
 2000 µɛ applied in the Y axis direction of the substrate as a displacement. 
 1, 2, 3, 4, and 5 elements through the thickness of the silver electrode layers for the 
2D and 2 elements through the electrode layers for the 3D half model. 
 Plane strain analysis for the 2D model. 
6.2.5.1 2D mesh study 
The results show that for the 2D models increasing the mesh density through the thinnest 
material layers (silver electrode layers) produces minimal change in X-Y shear stress 
(Figure 6.41 and Figure 6.42) along path 1.  
Increasing the number of elements produced minor changes in the X-Y shear stress 
values near the perimeter boundary of the transducer assembly for path 2 (Figure 6.43) 
and path 3 (Figure 6.44). The scatter in values at the perimeter boundary of the model with 
changing mesh density along path 3 (Figure 6.44) indicates that 1 element is comparable 
to 5 elements.  
From this data 1 element through the silver electrode layer thickness is adequate for 
modelling purposes however 2 elements are chosen to maintain consistency with the 
results from the 3D mesh density study.  
 
Figure 6.41. 2D models, Path 1, X-Y shear stress, - 5 mm to + 5 mm radial position 
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Figure 6.42. 2D models,  Path 1, X-Y shear stress, 4.5 mm to 5 mm radial position 
 
 
Figure 6.43. 2D  models, Path 2, X-Y shear stress, 4.5 mm to 5 mm radial position 
 
 
Figure 6.44. 2D models, Path 3, X-Y shear stress, 4.5 mm to 5 mm radial position 
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6.2.5.2 2D model to 3D half model comparison 
For this comparison models are constructed using 2 elements through the silver electrode 
layer thickness for 2D and 3D simplified basic geometry models. Note that the 2D model X 
(radial) and Y (thickness) directions are equivalent to the 3D model Y (radial) and Z 
(thickness) directions respectively. Comparisons of 2D FEA results to 3D FEA results are 
shown in Figure 6.45 through to Figure 6.64. The data is compared using, path 1 (the 
boundary between the CFRP substrate and the adhesive bond layer), path 2 (the 
boundary between the adhesive bond layer and the silver electrode layer) and path 3 (the 
boundary between the silver electrode layer and the PZT ceramic). The two models show 
similar Y-Z (3D) and X-Y (2D) Von Mises equivalent strain and shear strain distribution 
patterns (Figure 6.45). However examination of the strain scale legends beside each 
image shows that the 2D model predicts a smaller strain range than the 3D models do. 
 
Figure 6.45. 3D half model and 2D model, 2 element, FEA results contour diagrams 
 
Comparison of X direction (2D) to Y direction (3D) 
Figure 6.46, Figure 6.47 and Figure 6.48 show that in general the 2D model in the X 
direction (2D) predicts larger magnitude strain values near the perimeter boundary of the 
transducer and across the diameter for paths 1, 2 and 3. Along path 2 the 2D model 
predicts larger stresses across most of the transducer diameter than the 3D model does 
(Figure 6.49).  Comparatively the 2D model tends to predict X direction (2D) stresses that 
are up to 270% greater than that predicted by the 3D model. 
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Figure 6.46. 2D and 3D half model, X direction (2D) and Y direction (3D), Path 1, - 5 mm to + 5 mm radial position 
 
 
Figure 6.47. 2D and 3D half model, X direction (2D) and Y direction (3D), Path 2, - 5 mm to + 5 mm radial position 
 
 
Figure 6.48. 2D and 3D half model, X direction (2D) and Y direction (3D), Path 3, - 5 mm to + 5 mm radial position 
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Figure 6.49. 2D and 3D half model, X direction (2D) and Y direction (3D), Path 2, - 5 mm to + 5 mm radial position 
 
Comparison of Y direction (2D) to Z direction (3D) 
The differences between 2D and 3D models for paths 1, 2 and 3 are shown for the Y 
direction (2D) strain by Figure 6.50, Figure 6.51 and Figure 6.52 respectively. Along path 1 
the 2D model produces larger magnitude strain across the whole transducer diameter. 
Along path 2 the results are similar differing near the perimeter boundary where the 2D 
model predicts lower strain values. Along path 3 the 2D model predicts smaller magnitude 
strain near to the perimeter boundary and larger magnitude strain values away from the 
perimeter boundary. Figure 6.53 shows that along path 2, near the perimeter boundary the 
2D model predicts peel stresses which are approximately 25% of that predicted by the 3D 
model. 
 
Figure 6.50. 2D and 3D half model, Y direction (2D) and Z direction (3D), Path 1, - 5 mm to + 5 mm radial position 
 
-5
0
5
10
15
20
25
30
-5 -4 -3 -2 -1 0 1 2 3 4 5
S
tr
e
s
s
 (
M
P
a
) 
PZT transducer radial location (mm) 
X direction (2D)
Y direction (3D)
-0.0040
-0.0020
0.0000
0.0020
0.0040
0.0060
0.0080
-5 -4 -3 -2 -1 0 1 2 3 4 5
S
tr
a
in
 
PZT transducer radial location (mm) 
Y direction (2D)
Z direction (3D)
132 
 
 
Figure 6.51. 2D and 3D half model, Y direction (2D) and Z direction (3D), Path 2, - 5 mm to + 5 mm radial position 
 
 
 
Figure 6.53. 2D and 3D half model, Y direction (2D) and Z direction (3D), Path 2, - 5 mm to + 5 mm radial position 
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Figure 6.52. 2D and 3D half model, Y direction (2D) and Z direction (3D), Path 3, - 5 mm to + 5 mm radial position 
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Comparison of X-Y shear (2D) to Y-Z shear (3D) 
The trend of the difference in shear strain between the two model types is more 
predictable along each path than the trends for either X direction (2D) or Y direction (2D) 
strain. Figure 6.54, Figure 6.55 and Figure 6.56 show for path 1, 2 and 3 respectively that 
the 2D model predicts smaller magnitude strain than the 3D model. The difference 
between the 2D and the 3D model shear stress changes with radial position. In terms of 
maximum stress the 2D model predicts values approximately 63% of that predicted by the 
3D model (Figure 6.57).   
 
 
 
Figure 6.54. 2D and 3D half model, shear strain, Path 1, - 5 mm to + 5 mm radial position 
 
Figure 6.55. 2D and 3D half model, shear strain, Path 2, - 5 mm to + 5 mm radial position 
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Figure 6.57. 2D and 3D half model, shear stress, Path 2, - 5 mm to + 5 mm radial position 
 
Comparison of Von Mises equivalent strain and stress 
Figure 6.58, Figure 6.59 and Figure 6.60 show the Von Mises equivalent strain data for the 
models. The trends along path 1 and path 2 are similar between the paths and between 
the 2D and 3D models; the 2D model generally predicts a lower magnitude strain value. 
Path 3 shows a different trend, the 2D model predicts generally larger magnitude strains.  
The differences in the Von Mises equivalent stress along path 2 (Figure 6.61) shows that 
the 2D model predicts approximately 200% larger stresses near the centre of the path. 
Near the perimeter boundary the 2D model produces stress values which are 
approximately 70% that predicted by the 3D model.  The difference between the 2D and 
3D model predictions depends upon which data extraction path is used and the type of 
strain or stress being compared. Figure 6.62, Figure 6.63 and Figure 6.64 show the 
differences in shear strain and Von Mises equivalent strain near the perimeter boundary in 
more detail.  
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Figure 6.56. 2D and 3D half model, shear strain, Path 3, - 5 mm to + 5 mm radial position 
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Figure 6.58. 2D and 3D half model, Von Mises equivalent strain, Path 1, - 5 mm to + 5 mm radial position 
 
 
 
Figure 6.60. 2D and 3D half model, Von Mises equivalent strain, Path 3, - 5 mm to + 5 mm radial position 
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Figure 6.59. 2D and 3D half model, Von Mises equivalent strain, Path 2, - 5 mm to + 5 mm radial position 
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Figure 6.61. 2D and 3D half model, Von Mises equivalent stress, Path 2, - 5 mm to + 5 mm radial position 
 
 
Figure 6.62. 2D and 3D half model, Shear and Von Mises equivalent strain, Path 1, 4.5 mm to 5 mm radial 
position 
 
 
Figure 6.63. 2D and 3D half model, Shear and Von Mises equivalent strain, Path 2, 4.5 mm to 5 mm radial 
position 
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Figure 6.64. 2D and 3D half model, Shear and Von Mises equivalent strain, Path 3, 4.5 mm to 5 mm radial 
position 
 
These results show that an exact correlation between the 2D and 3D model strain and 
stress predictions cannot be made. As a generalisation the 2D model predicts larger 
absolute values of X direction (2D) strain and Y direction (2D) strain and predicts smaller 
absolute values for X-Y shear (2D) strain compared to the 3D model. The differences 
between the models are dependent upon the path along which data is extracted, the radial 
position along the path and the strain or stress type being compared.  
The difference between the predictions is attributed to the 2D model with its plane strain 
condition not being capable of accurately capturing the complex 3D behaviour occurring 
within the transducer. This difference is not unexpected considering that the plane strain 
condition assumes that strains normal to the X-Y plane (X-Z shear strain, Y-Z shear strain, 
Z direction strain) are zero this is not the case for the CFRP transducer structure.  
Plane strain conditions are a more appropriate modelling condition for geometry with 
dimension in the Z (2D model, out of plane direction) that is much larger than the 2D 
model X or Y dimensions. Unfortunately the other 2D modelling option is to apply plane 
stress conditions in which it is assumed that the stresses normal to the X-Y plane are zero 
(i.e. thin plate like structures). Neither plane strain or plane stress is well suited to 
modelling the cross section geometry of a round disc transducer. During preliminary 2D 
model development the comparison results from plane strain and plane stress conditions 
indicated that plane strain condition was a better choice of the two for modelling a cross 
section of the CFRP transducer structure. 
Because the trends along path 2 are similar between the 2D and 3D models the results 
from 2D modelling can be used as an indication of the likely response that would be 
observed in 3D models if the same build parameters were applied, taking into 
consideration the key differences in stress and strain magnitudes. A comparison of fillet 
shape effects and bond material effects can be performed using 2D model data compared 
to other model 2D data to form an understanding of differences between parameters and 
geometry on observed fatigue test specimen behaviour.  
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6.2.6 2D model effect of fillet shape 
For the more complex 2D models incorporating fillet geometry a higher mesh density than 
2 elements through the thickness of the silver electrode layers was used to minimise 
meshing problems caused by the shape of the model geometry.  
Figure 6.65 and Figure 6.66 show Von Mises equivalent strain data for model types 1 and 
2 (Figure 4.7) for a substrate loaded to 2000 µɛ. Note that the model material types are 
indicated on the contour plots (lower right hand corner of image).  
These figures show that the strain distribution is affected more by the bond layer material 
properties or its thickness than by the fillet shape. The strain range decreases in the 
models when the bonding layer thickness is increased from 100 µm (Figure 6.65) to 160 
µm (Figure 6.66). The similar material properties of the Cyanoacrylate2 and PVDF 
produce similar strain distribution ranges despite the fillet shapes being quite different.    
 
 
Figure 6.65. 2D, Von Mises equivalent strain, 100 µm bond, 2000 µɛ in X direction 
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Figure 6.66. 2D, Von Mises equivalent strain, 160 µm bond, 2000 µɛ X direction 
 
Note that for Figure 6.67 through to Figure 6.75 all models use Cyanoacrylate2 material 
properties for the bond layer. The FEA analysis shows that when the material properties of 
both bondlines are the same similar distributions of shear strain are developed in the two 
bond layers (Figure 6.67).  
 
Figure 6.67. 2D, Von Mises equivalent strain, Cyanoacrylate2, 160 µm bond, 2000 µɛ X direction 
 
Further analysis of the bond to silver electrode interface (path 2) in Figure 6.68 through to 
Figure 6.75 show that slight differences exist with the PVDF fillet shape generally 
producing slightly higher levels of X direction strain (Figure 6.68), Y direction strain (Figure 
6.70), X-Y shear strain (Figure 6.72), and Von Mises equivalent strain (Figure 6.74). The 
differences increase away from the transducers centre nearer the perimeter boundary. 
This response is to be expected as the bond layers differ in geometry only at the 
transducers perimeter.  
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Note that in Figure 6.68 through to Figure 6.75 there exist anomalies in the form of a sharp 
increase and decrease in strain or stress. This is visible in Figure 6.68 as a large spike in 
strain to 0.016 strain between the 4.9 mm and 5 mm radial position and in Figure 6.69 as 
the large increase in stress to approximately 7 MPa and a decrease to -3 MPa. These are 
the result of a stress concentration caused by the design of the FEA models geometry 
along the adhesive silver electrode boundary. For the purposes of this analysis these are 
ignored.  
The results from Model 1 shows that minimal difference exists between it and the results 
obtained for the cyanoacrylate fillet shape in Model 3 (Figure 6.69, Figure 6.71, Figure 
6.73 and Figure 6.75). This indicates that the PVDF fillet shape has minimal effect on the 
behaviour of the cyanoacrylate shaped fillet on the opposite side of the CFRP substrate. 
The difference in the fillet shape alters the strain and stress near the perimeter boundary 
on path 2, the PVDF fillet shape produces larger stress levels. 
 
Figure 6.68. Fillet shape, effect on X direction strain, Path 2, 4.5 mm to 5 mm radial position 
 
 
Figure 6.69. Difference in X direction stress, Path 2, 0 mm to 5 mm radial position 
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Figure 6.70. Fillet shape, effect on Y direction strain, Path 2, 4.5 mm to 5 mm radial position 
 
 
Figure 6.71. Difference in Y direction stress, Path 2, 0 mm to 5 mm radial position 
 
 
Figure 6.72. Fillet shape, effect on X-Y shear strain, Path 2, 4.5 mm to 5 mm radial position 
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Figure 6.73. Difference in X-Y shear stress, Path 2, 0 mm to 5 mm radial position 
 
 
Figure 6.74. Fillet shape, effect on Von Mises equivalent strain, Path 2, 4.5 mm to 5 mm radial position 
 
 
Figure 6.75. Difference in Von Mises equivalent stress, Path 2, 0 mm to 5 mm radial position 
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The previous figures showed that the PVDF spew fillet produces slightly larger stresses 
compared to the cyanoacrylate fillet shape. Figure 6.76 shows the X-Y shear stress at the 
+/- 50% and +/- 90% radial positions (Figure 4.16). The dashed black vertical (straight) 
lines are located at positions of maximum shear stress magnitude for the PVDF fillet shape 
layer.  
At the +/- 90% radial location the PVDF fillet shape produces a shear stress value that is 
2.5% larger than that produced by the cyanoacrylate fillet, at the +/- 50% radial location 
the difference is 2.6%. The maximum shear stress developed at the +/- 90% radial location 
is 13.65 MPa for the PVDF fillet shape and 13.31 MPa for the cyanoacrylate fillet shape. 
 
Figure 6.76. Both bond layers with Cyanoacrylate2 material property, 160µm bond, 2000 µɛ 
 
6.2.7 2D model effect of bond thickness and materials at each strain level 
The contour plots for Von Mises equivalent stress for 100 µm and 160 µm thick bonding 
layers for models with Cyanoacrylate2 and PVDF material properties are shown in Figure 
6.77. The stress distribution pattern shows the thicker bondline reduces stress in the 
transducer. Note that the image legends are similar in range.  
Figure 6.78 shows that when Cyanoacrylate1 and PVDF bond layer materials are used the 
magnitude of shear stress in the Cyanoacrylate1 bond layer decreases substantially 
compared to the shear stress in the PVDF bond layer. For the +/- 90% radial position the 
Cyanoacrylate1 bond layer has a shear stress that is 18% smaller than that for the PVDF 
layer. The maximum magnitude of shear stress is 10.77 MPa for the Cyanoacrylate1 
material and 13.14 MPa for the PVDF material layer.  
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Figure 6.77. 2D, Von Mises equivalent stress, 100µm bond (top) 160 µm bond (bottom), 2000 µɛ 
 
 
Figure 6.78. Cyanoacrylate1 and PVDF bond layers, 160µm bond, 2000 µɛ 
 
When Cyanoacrylate2 and PVDF bond layer materials are used the difference between 
the bond layers decreases. Figure 6.79 shows that at the +/- 90% radial position the 
Cyanoacrylate2 bond layer has a shear stress that is 4% smaller than that for the PVDF 
layer. The maximum magnitude of shear stress is predicted to be 13.34 MPa for the 
Cyanoacrylate2 bond layer and 13.88 MPa for the PVDF bond layer. 
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Figure 6.79. Cyanoacrylate2 and PVDF bond layers, 160µm bond, 2000 µɛ 
 
A comparison of the two cyanoacrylate materials for 100 µm and 160 µm bond 
thicknesses at 2000 µɛ and 3000 µɛ are shown in Figure 6.80 and Figure 6.81.  
In Figure 6.80 the lower modulus of Cyanoacrylate1 reduces the magnitude of the X-Y 
shear stress compared to PVDF. Figure 6.81 shows a similar comparison for 
Cyanoacrylate2 and PVDF. Because the material properties are similar the shear stress 
produced is more closely matched for the same bond thickness and specimen loading 
than occurs in Figure 6.80. In both figures the order from lowest to highest shear stress is 
similar and the level of shear stress produced by the 160 µm thick bond layers at 3000 µɛ 
regardless of the bond material type fall between the shear stress values for 100 µm thick 
bonds at 2000 µɛ and 3000 µɛ.  
If the cyanoacrylate material bond on the fatigue test specimens is assumed to have 
Cyanoacrylate1 material properties then from Figure 6.80 it would be expected that the 
100 µm thick PVDF bond layer at 3000 µɛ would be the least effective at protecting the 
transducer. It would also be expected that the 160 µm thick PVDF bond layer would be 
less successful at protecting the transducer at 3000 µɛ than a 160 µm thick 
Cyanoacrylate1 bond layer. The fatigue test results in Table 6.7 show that this is not the 
case, these results fit more with the model assumption that the cyanoacrylate bond layer 
has similar material properties to PVDF such as those listed for Cyanoacrylate2 (Table 
4.1). 
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Figure 6.80. X-Y plane shear stress, Cyanoacrylate1 and PVDF bond layers, Path 2 
 
 
Figure 6.81. X-Y plane shear stress, Cyanoacrylate2 and PVDF bond layers, Path 2 
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6.3 Preliminary experiments 
6.3.1 BNC to SMD grip PZT disc repositioning 
The first scan of each PZT disc from the ‘Constant position’ and the ‘Changed position’ 
data is used as the reference signal for the calculation of the %RMSD values relative to 
these groups. For the ‘Effect of change’ calculation the first scan of each PZT disc in the 
‘Constant position’ data is used as the reference signal.  
The results are shown in Figure 6.82. The data in columns PZT 1 to PZT 5 represent the 
average of the %RMSD measurements. The ‘Mean’ data column is the average value of 
all of the measurements from the whole dataset of all PZT transducers in that particular 
treatment. For all the measurements the range bars show the maximum and minimum 
values measured in the datasets used to construct the averages.  
 
Figure 6.82. Results of BNC to SMD PZT disc repositioning experiment 
 
The datasets were analysed using an analysis of variance (ANOVA) statistical process 
using a 95% confidence interval (CI). There was no significant difference for the ‘Constant 
position’ treatment between the PZT discs or within each transducers group of scans. For 
the data of the ‘Changed position’ grouping there is no significant difference within each 
transducers group of scans. However there was a significant difference (95% CI) between 
PZT discs 1 and 2 and the remaining three PZT discs. A further comparison using the 
entire combined scan data finds that there is no significant difference (95% CI) between 
the transducers. This indicates that the difference observed for the ‘Changed position’ 
measurements of PZT 1 and PZT 2 is not inherent within these discs.  
ANOVA of the ‘Effect of change’ calculated data shows that there is no significant 
difference (95% CI) between the discs or between the scans for each disc. The ‘Changed 
position’ treatment is significantly different to the ‘Constant position’ treatment. 
From the data we can conclude that higher reliability of signal is achieved if transducers 
are not removed from the BNC to SMD pincer grip probe between impedance scans. For 
this scenario the %RMSD values obtained for any particular PZT disc will vary over the 
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range of 0.41 to 2.04 %RMSD. Where removal and replacement is necessary the effect of 
this will change the %RMSD obtained in the range of 0.56 to 3.09 %RMSD.  
A ‘no effect’ threshold should be applied which is greater than the range shown in Figure 
6.82 for the ‘Mean of the Effect’ of change. The threshold value should be greater than the 
overall maximum range of 4.09 %RMSD. 
6.3.2 Circuit relay testing  
The data obtained for the PZT transducer via each channel is quite consistent as shown in 
Figure 6.83. Note the range bars show the maximum and minimum data values. An 
ANOVA statistical analysis (95% CI) of the data shows that within each channels dataset 
there is no significant difference. The data collected by channel 1 is significantly different 
(95% and 99% CI) from the data collected by channel 2. Analysis of the relay contact 
switching sequences for channel 1 and channel 2 shows that there is no significant 
difference (99% CI) between the switching patterns.   
The magnitude of difference in the %RMSD values of channel 1 and channel 2 based on 
the mean values is small (0.25 %RMSD). Given the range of values obtained for the 
‘Constant position’ treatment in the pincer repositioning experiment, and the range 
exhibited by the ‘Pre-grinding’ treatment data obtained during experiment 2 (pre-post 
single grinding), the difference between these two channels is within magnitude of these. 
Therefore the performance of these channels is considered to be the same.  
 
6.3.3 PZT disc processing 
6.3.3.1 Experiment 1 (electrode etching) 
The mean percentage of disc area exposed by the etching treatments and the combined 
mean change in %RMSD for the 3 discs is shown in Figure 6.84. The maximum and 
minimum mean value range is indicated by the vertical bars. The green bar shows the 
mean %RMSD response of the discs after the final etch when the etched surface was 
repainted (Figure 6.87) with 4 coats of conductive silver varnish (Kemo® L100).  
 
Figure 6.83. Results of circuit relay switching experiment 
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Each etching treatment removed an average of 0.32 mg (standard deviation 24.65%) of 
material. The masses of each of the PZT discs after repainting were within 0.1 mg of the 
discs unpainted mass following the third etch treatment (nominal 15% surface etched).  
 
Figure 6.84. Results of electrode etching 
 
Figure 6.84 shows that as the area of electrode material removed increases so too does 
the change in impedance signature and the subsequent %RMSD values. Repainting of the 
etched areas on the disc surface recovered the impedance signature back towards its 
original value.  
Figure 6.85 shows the radial resonance real admittance peak for PZT disc number 3. Each 
successive etching decreases the resonance peak amplitude and increases the resonant 
frequency. The figure also shows that the repainted transducer recovers much of its 
original impedance characteristic. Specific values for the peak amplitude and frequency 
can be seen in Table 6.2. 
 
 
Figure 6.85. Radial resonance response to etching 
 
0
10
20
30
40
50
60
1 2 3 4 5 Repainted
P
e
rc
e
n
ta
ge
 (
%
) 
Etch number 
% RMSD
% of electrode
area removed
% RMSD
0
5000
10000
15000
20000
25000
30000
35000
195000 197000 199000 201000 203000 205000 207000 209000
R
e
a
l 
A
d
m
it
ta
n
c
e
 (
µ
S
) 
Frequency (Hz) 
0% etch
5% etch
10% etch
15% etch
20% etch
25% etch
Repainted
150 
 
Table 6.2. Radial resonance real admittance peak height and frequencies 
Treatment 
PZT 1 PZT 2 PZT 3 
Frequency 
(Hz) 
ReYS 
(µS) 
Frequency 
(Hz) 
ReYS 
(µS) 
Frequency 
(Hz) 
ReYS 
(µS) 
0% etch 201300 30241 200800 28301 200900 29371 
5% etch 201500 28163 201300 27588 201100 28262 
10% etch 202100 28155 201700 26790 201500 27767 
15% etch 202600 26684 202500 25410 202200 26346 
20% etch 203400 24671 203200 24214 203500 24072 
25% etch 204900 22492 204600 21854 204900 21831 
Repainted 202300 26760 201800 27786 201500 27906 
(Note. ReYS is real admittance) 
Statistical analysis of the data using ANOVA shows that for each PZT discs combined data 
there is no significant difference (95% CI) between the concurrent scans. Comparison of 
the mean %RMSD change produced by the etching treatments for each PZT disc shows 
that the response of the discs are not significantly different from each other (95% CI).   
It can be seen from this data that the complete removal of electrode coverage from an 
area of the PZT disc has a deleterious effect on transducer impedance signal. On a weight 
for weight basis of electrode material removed the effect of complete removal of material 
from a small area of the transducer has a greater effect than if the same amount of 
material is removed evenly from the complete electrode surface. Figure 6.86 shows that as 
more area of electrode material is removed the slope of the line decreases. This response 
is expected. Removing sections of electrode material reduces the capacitance of the PZT 
transducer. The capacitive value is known to manifest itself in the imaginary part of the 
electrical admittance ((Park et al. 2006), p1674), this is observed as a reduction in slope. 
 
Figure 6.86. Etching effect on imaginary admittance gradient 
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The removal of the electrode surface reduces the area of piezoceramic between the 
transducer surface electrodes, it reduces transducer mass and it changes the transducer 
stiffness and damping characteristics. Figure 6.87 shows the repainted disc for PZT 3 in 
which it can be seen that the thickness of the painted layer is less than that of the original 
electrode.  
The transducer response to being repainted indicates that of these three effects it is the 
loss of the electrode surface area and the corresponding subsequent inactivation of the 
piezoceramic material in that region which causes the biggest change in the impedance 
signature. This is why with the reestablishment of the electrical connection the impedance 
signal recovers substantially. The electrode etching treatments reduce the area of the 
electrode which effectively decreases the active size of the transducer this produces a 
resonant response similar to that of a smaller diameter transducer. A small diameter 
transducer has a higher resonant frequency than one of similar thickness with a larger 
diameter. 
 
Figure 6.87. 25% etched PZT disc repainted with conductive paint 
 
6.3.3.2 Experiment 2 (pre post single grind operation)  
The results of these tests are shown in Figure 6.88, note that the range bars represent the 
maximum and minimum values. Statistical analysis of the %RMSD data using one way 
ANOVA with a 95% confidence interval shows that no significant difference exists between 
the PZT transducers within the ‘Pre grinding’ treatment group of scans or within the ‘Post 
grinding’ treatment group of scans. Examining the ‘Effect of grinding’ calculated dataset 
the ANOVA shows that within the group (between the discs) the %RMSD values are not 
significantly different. However the grinding process induced change in %RMSD is 
significant when compared to pre-grinding (no treatment) discs.   
From the data it is concluded that the PZT transducers respond consistently to the single 
grinding treatment. Where it is required to preserve this consistency for the purpose of 
directly comparing discs the transducers should be processed similarly. 
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A single light grinding process can induce changes in a PZT disc that range from 2.66 to 
7.27 %RMSD. The mean overall effect of grinding is a change in %RMSD of 5.23 with a 
standard deviation of 1.14 (21.93%). The change in thickness caused by the removal of 
this amount of material was not able to be measured with the micrometer being less than 
the devices resolution (0.001 mm). 
6.3.3.3 Experiment 3 (progressive grinding) 
The progressive electrode grinding experiment was undertaken to determine if there was 
an electrode grinding threshold above which the transducer impedance signature would 
rapidly change and how close this might be to the first (single) grinding operation used for 
sample preparation. This data was also used to determine if the preparation process was 
consistent when applied to multiple PZT discs.  
On average each grinding removed 0.34 mg of material (standard deviation of 25.00%). 
This amount of material removal is similar in magnitude to the amount of material removed 
by each surface treatment (0.32 mg (standard deviation 24.65%)) in the electrode etching 
experiment, equal to approximately 5% of the electrode material. 
The overall mean response produced by progressive electrode grinding is shown in Figure 
6.89, maximum and minimum values are indicated by the range bars. ANOVA conducted 
for the pre-treatment and the post treatment scan data shows that there is no significant 
difference (95% CI) between the transducers in the response to each grinding treatment.  
 
Figure 6.88. Results from PZT transducer single grinding experiment 
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Figure 6.89. Average change in %RMSD with progressive grinding of PZT transducers 
 
The individual average response of each disc for each grinding is shown in Figure 6.90, 
note that maximum and minimum values are indicated by the range bars. The change in 
%RMSD with increased number of grindings is consistent for the initial three electrode 
grindings. The reason for the larger change in %RMSD shown by PZT 3 after the third 
grinding is not known. It is possible that excessive material removal occurred near the disc 
perimeter (Figure 6.92) producing a larger decrease in disc function compared to an even 
distribution of material removal. This would explain why after ten grindings the %RMSD 
value for PZT 1 and PZT 2 converge on the PZT 3 value. 
 
Figure 6.90. Individual disc response to progressive electrode grinding 
 
The data shows that the scans are quite consistent within each batch of five. The effect 
seen in Figure 6.90 highlights the fact that all discs must be prepared similarly if a 
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comparison between transducers is to be made using the subsequently obtained 
impedance spectra data. Compared to the results shown in Figure 6.85, Figure 6.91 
shows that the gradual removal of electrode material distributed evenly over the 
transducer surface has less of an effect on the value of the radial resonance frequency. 
This is because more of the area of the transducer remains electrically connected and 
active. It is only when grinding reaches an advanced level (for example grind 7 onwards) 
that areas of piezoceramic become electrically isolated (Figure 6.92) leading to the 
increased change in the resonant frequency with each subsequent treatment.  
 
 
Figure 6.91. Change in real admittance radial resonance peak with progressive grinding 
 
 
Figure 6.92. Final lower electrode surface condition (PZT ID 1) 
 
The removal of electrode material produces these effects. The first is the reduction in 
mass of the transducer, this for PZT 1, 2 and 3 is a reduction from the initial mass of 
0.57%, 0.52% and 0.59% respectively. The second is the largest effect which is the 
reduction in capacitance caused by the loss of electrode material and the exposing of the 
underlying PZT ceramic Figure 6.92. 
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A comparison of the impedance signals measured at the start and end of the experiment 
shows a shift in resonant frequency and amplitude (Figure 6.91) similar to the effect seen 
in the electrode etching experiments (Figure 6.85) which is partially reversed by the 
application of a thin layer of conductive paint. 
6.3.4 Effect of test specimen processing heat cycles 
The purpose of this experiment was to examine the effect of the thermal processing steps 
required to prepare and weld PZT discs using PVDF to a CFRP substrate upon the PZT 
disc. The transducers were subjected to the thermal processing conditions used to 
fabricate the fatigue test specimens. The thermal exposure treatments are listed in Table 
5.3. The %RMSD results are shown in Figure 6.93, for the mean value shown the group 
maximum and minimum values are indicated by the range bars. 
 
Figure 6.93. Thermal exposure effect upon PZT transducers 
 
An ANOVA statistical analysis of the data for transducer group number 1 treatments 
shows that there is no significant difference (95% CI) in the response between the 
individual transducers within the group. All transducers respond similarly to the treatments. 
The response of the discs to the treatments shows that exposure to 190ºC (Treatment 1) 
and exposure to 265ºC (Treatment 2) are significantly different (95% CI). The second 
exposure to 265ºC (Treatment 3) produces no significant change (95% CI) in transducer 
signal compared to the previous application of 265ºC (Treatment 2).     
The level of change between the 190ºC and the 265ºC exposure is consistent across all 
PZT discs as evidenced by the standard deviation (8.26%) of the average of the 
differences between the treatments. The second application of the 265ºC heat treatment 
did not produce a large change in %RMSD at all. Considering the results from the pincer 
repositioning experiment (Figure 6.82) the change in %RMSD shown by the impedance 
measurements taken after the second thermal exposure may well be caused by pincer grip 
repositioning. In either case this result shows that minimal change occurred following the 
repeat treatment.  
0
10
20
30
40
50
60
70
80
PZT 1 PZT 2 PZT 3 PZT 4 PZT 5 Mean
%
R
M
S
D
 
Group 1, Treatment 1 (190°C)
Group 1, Treatment 2 (265°C)
Group 1, Treatment 3 (265°C)
Group 1, Difference between
treatment 1 and 2
Group 1, Difference between
treatment 2 and 3
Group 3, All treatments
156 
 
Group number 2 PZT discs were subjected to 15 minute exposures at 190ºC, 265ºC and 
190ºC, disc impedance spectra was measured before and again following the completion 
of all three treatments. A larger change in %RMSD is observed for this group of discs but 
the variation within the group of discs is lower than those for group 1.   
The group 3 heat treatment dataset shown in Figure 6.94 is collated from additional 
transducer testing that was conducted separately to the experiments in this section. The 
data is derived from 5 PZT discs subjected to two 190ºC exposures (Treatment 1 and 
Treatment 2) and a 265ºC exposure (Treatment 3).The figure shows a similar response to 
that shown in Figure 6.93, maximum and minimum values are indicated by the range bars.  
The two successive 190ºC treatments produce minimal change in the %RMSD value. 
Statistical analysis of the dataset shows that treatment 1 and treatment 2 are not 
significantly different (95% CI). The third treatment is not significantly different (95% CI) to 
treatment 2 (p value = 0.062).  
 
Figure 6.94. Thermal exposure effect upon PZT transducers 
 
These data indicate that thermal exposure induces significant change in the impedance 
response of PZT disc transducers. The response is consistent within sets of PZT discs. 
Subsequent thermal exposures for similar time periods and temperatures already 
experienced produces minimal change in PZT function. Based on this observation it is 
unnecessary to subject debonded cyanoacrylate PZT discs to the same low temperature 
(80ºC) process used to remove PVDF from the electrode surface of post fatigue test 
debonded PVDF welded transducers. 
However because of the high temperature thermal treatments used during specimen 
fabrication an accurate comparison between welded PZT discs and those adhesively 
bonded to CFRP-PVDF substrate requires that all PZT discs be exposed to the same 
thermal processing conditions.   
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6.4 Primary experiments 
This section is divided into two parts. The first presents the static tensile test data for 
cyanoacrylate bonded copper adherends. The second covers the data from the fatigue 
testing experiments. The adhesive strength data was processed in accordance with 
ASTMD2095-96 (2007). Information regarding the processing can be obtained from the 
standard. 
The processes used to analyse the data from the fatigue testing experiments are 
described in Section 6.1. The results are presented in 4 categories, viz.: 1) transducer 
voltage output; 2) fractured transducers; 2) impedance spectra from substrate mounted 
transducers; and 3) detached transducer discs.   
6.4.1 Static tensile testing 
6.4.1.1 Cyanoacrylate tensile failure strength 
Shown in Figure 6.95 is the failure strengths of the butt joined cylindrical copper 
adherends bonded with cyanoacrylate for three different bondline thicknesses for each of 
six surface finishes defined by abrasive paper grade. See Figure 3.18 for data regarding 
correlation between surface roughness and abrasive paper grade. Note that the range 
bars indicate maximum and minimum data values. 
 
Figure 6.95. Static tensile strength results  
 
The data shows that minimal difference in failure strength exists between the abrasive 
grades. As bondline thickness increases failure strength decreases regardless of surface 
treatment. The surface contact angle for cyanoacrylate on copper (Figure 3.13) indicates 
that cyanoacrylate adhesive produces good wetting of the copper adherend surfaces. It is 
effective irrespective of the range of surface roughness created during surface preparation 
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for these experiments (Figure 3.18). “The magnitude of the tensile stress in the bond layer 
is much larger than the shear stresses induced by the tri-axial stress state, therefore the 
applied stress is a reasonable measurement of the tensile failure stress” ((Yokoyama, 
2003), p236). The dominant failure mode observed for the fracture surfaces was coherent 
failure; Figure 6.96 shows fracture surfaces for tested adherends. 
 
Figure 6.96. Adherend cyanoacrylate fracture surfaces, 50µm bond, P1500 grade carborundum abrasive paper 
 
The cyanoacrylate adhesive (Loctite Precision Superglue) used to construct the 
specimens contains greater than 80% to less than 100% ethyl-2-cyanoacrylate (Henkel, 
2010), no additional formulation components are specified. Yokoyama (2003), (p234) 
conducted impact tensile test studies using Aron-Alpha Type 201 cyanoacrylate adhesive 
manufactured by Toagosei Company Limited. This adhesive is specified as containing 
greater than 99% ethyl-2-cyanoacrylate ((Toagosei, 2013), p1). The material properties for 
Aron-Alpha Type 201 reported by Yokoyama (2003) were used in the FEA models as 
Cyanoacrylate2. Test data plotted by Yokoyama (2003) show results from the static tensile 
testing of bonded 10 mm diameter cylindrical steel adherend butt joints. These tests 
produce failure strength values between 30 MPa and 45 MPa. Tensile strength reaches a 
maximum for a 35 µm bond thickness before decreasing as bond thickness is increased. 
Tensile failure strength for a 60 µm bond thickness is between 40 MPa and 45 MPa, for a 
120 µm bond thickness tensile failure strength is between 35 MPa and 40 MPa 
((Yokoyama, 2003), p243).  
Toagosei (2009), (p1) reports that tensile bond strength for butt joints bonded with the 
Type 201 cyanoacrylate adhesive is 4600 psi (31.71 MPa) for steel and 5000 psi (34.47 
MPa) for copper. Additional data is reported by Malosh (2008), which gives the tensile 
adhesive strength for butt joints for steel as 4270 psi (29.44 MPa) to 5120 psi (35.30 MPa), 
and copper 4690 psi (32.33 MPa) to 5690 psi (39.23 MPa). For both the Toagosei (2009) 
and Malosh (2008) data no details are provided regarding bond thickness or adherend 
surface roughness. These data have similar range of values to those produced by the 
static tensile testing (Figure 6.95), this fact and the specification sheets stating that these 
adhesives contain high quantities of ethyl-2-cyanoacrylate support the use of the material 
properties provided by Yokoyama (2003) as representative of the material properties of 
Loctite Precision superglue. 
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6.4.2 Fatigue testing 
The data used in this analysis is derived from rounds 3 and 4 of fatigue testing. It is 
presented in sections which are defined by the fatigue strain range (Table 6.7) applied to 
the test substrate. Table 6.3 and Table 6.4 show the adhesive bond layer thicknesses for 
each round of testing.  
A total of 32 PZT discs were tested. Table 6.5 summarises the test details and number of 
discs subjected to each treatment. All specimens tested were subjected to 50,000 cycles 
at 1000 µɛ before being tested at higher strain ranges. The 1000 µɛ range was used to 
check the uniformity of the response of the transducer substrate systems at a strain which 
from literature for other transducer package configurations was shown to not produce 
deterioration of the transducer substrate system. 
Table 6.3. Round 3, PZT transducer bond layer thicknesses 
Round 3 PVDF Cyanoacrylate 
 
CFRP number PZT ID 
Bond layer 
thickness (µm) PZT ID 
Bond layer 
thickness (µm) 
% thickness 
difference 
3 19 158.6 35 153.3 -3.4 
4 20 168.6 36 165.0 -2.2 
5 21 145.9 34 163.7 10.9 
6 24 152.2 26 163.3 6.8 
7 25 161.6 37 135.5 -19.3 
8 29 160.2 14 162.0 1.1 
9 30 153.7 33 172.3 10.8 
10 31 158.9 28 163.6 2.9 
Average (µm) 157 
 
160 
 % Standard deviation 4.34 
 
6.95 
  
Table 6.4. Round 4, PZT transducer bond layer thicknesses 
Round 4 PVDF Cyanoacrylate 
 
CFRP number PZT ID 
Bond layer 
thickness (µm) PZT ID 
Bond layer 
thickness (µm) 
% thickness 
difference 
3 38 86.6 40 97.9 11.6 
4 39 114.7 54 99.2 -15.6 
5 41 109.1 53 107.2 -1.8 
6 42 103.9 52 94.9 -9.5 
7 43 107.1 51 105.2 -1.8 
8 44 106.1 49 108.0 1.8 
9 45 108.9 48 95.7 -13.8 
10 46 117.6 47 119.7 1.7 
Average (µm) 107 
 
103 
 % Standard deviation 8.73 
 
8.04 
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Table 6.5. PZT disc allocation for fatigue testing treatments 
Fatigue experiment 
round number 
Test strain 
range (µɛ) 
Total PZT number 
treated 
PZT PVDF 
welded 
PZT cyanoacrylate 
bonded 
3 1000 16 8 8 
 
2000 8 4 4 
 
3000 8 4 4 
 4 1000 16 8 8 
 
2000 6 3 3 
 
3000 10 5 5 
 
An overall view of the test results will present the data in the following sequence: 
1. Transducer output voltage. 
2. The number of PZT disc fractured. 
3. The %RMSD values derived from the in-test impedance spectroscopy data 
(obtained during cycling pause periods). 
4. The %RMSD values which are derived from the impedance spectroscopy data of 
the transducer discs whilst bonded to the CFRP-PVDF substrate. The impedance 
spectra was measured before and after the completion of fatigue testing whilst the 
substrates were unclamped and sitting within the Instron tensile testing machines 
grips. 
5. The %RMSD value derived from the impedance analysis of each individual PZT 
disc before surface preparation for bonding to the substrate and again after being 
debonded from the substrate at the completion of either the 2000 µɛ or the 3000 µɛ 
cycling tests. 
Where appropriate specific detail of the transducer failure using cumulative cycle number, 
transducer output voltage data and the impedance spectroscopy data measured during the 
fatigue test cycle pause periods are included.  
Statistically the larger the population size the more reliable is the assessment and hence 
the analysis can be considered more robust. Where applied to small populations of data 
the statistical analysis must be viewed with caution because it is based on a small sample 
size and in some instances skewed normal distributions. It is best used as an indicator in 
conjunction with the information derived about the results by other methods. 
To gauge the suitability of these small data populations for statistical analysis each data 
population was assessed for normality using the Anderson-Darling (AD) statistic. To 
summarise the meaning of the values: 
 A small AD number indicates a better statistical fit to a normal distribution.  
 A p-value less than 0.05 indicate that at the 95% CI the data population being 
tested is significantly different to the normal data distribution.     
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6.4.2.1 Transducer output voltage 
 
1000 µɛ Cycling 
The voltage output data for the 1000 µɛ cycling from each fatigue testing round shows that 
each transducer was consistent from the start to the end of the 50,000 cycles.  
Comparison of the difference between the voltage output at the start of testing (Start 
Voltage) and the voltage output at the end of testing (End Voltage) for each transducer for 
round 3 shows that the maximum standard deviation within a transducer is 0.82% a similar 
comparison for round 4 produces a maximum standard deviation of 0.73%.  
The variation between transducers (comparison of the start voltage output data) is 
summarised in Table 6.6. This shows the mean voltage and percentage standard deviation 
for each bond material system for each round of fatigue testing experiment. 
Table 6.6. Mean transducer output start voltage by bonding system for 1000 µɛ cycling 
  
PVDF Cyanoacrylate 
 
Fatigue experiment 
number 
Average 
(V) 
% Standard 
Deviation 
Average 
(V) 
% Standard 
Deviation 
Maxima 
3 24.95 7.16 27.21 10.11 
4 23.01 2.62 28.01 6.17 
Minima 
3 -24.84 7.51 -26.99 9.01 
4 -22.95 2.84 -27.88 6.21 
 
For both rounds the PVDF bonded transducers output smaller amplitude voltage signals 
than the cyanoacrylate bonded transducers. The difference between the maxima values of 
each bond type is 8.3% and 17.8% for experiment round 3 and round 4 respectively. The 
Anderson-Darling statistic shows that the 1000 µɛ data satisfies the normality criteria. 
Statistical analysis shows the two experiment rounds to be significantly different (95% CI).  
Figure 6.97 and Figure 6.98 show the starting and ending voltage outputs for each 
transducer. Round 4 specimens exhibit reduced variability reflecting minor improvements 
made to the specimen assembly technique between round 3 and round 4.  
It is clearer in Figure 6.98 that the PVDF welded transducers produce lower amplitude 
output voltages. Some transducers exhibit an increase in the voltage output between the 
start and end of the experiment. This is an anomaly of data processing and the data 
logging systems voltage resolution which for these tests was +/- 0.8 volts, similar applies 
to the decreases observed.   
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Figure 6.97. Round 3, 1000 µɛ, Transducer output voltage at start and end of cycling  
 
 
Figure 6.98. Round 4, 1000 µɛ, Transducer output voltage at start and end of cycling 
 
2000 µɛ Cycling 
A comparison of the magnitude of the output voltage at the start of the 2000 µɛ cycling test 
to the magnitude of the voltage output at the end of 1000 µɛ cycling test shows that 
doubling the strain magnitude produces an average increase in the magnitude of 
transducer output voltage of 224% (2.56% standard deviation) for round 3 and 220% 
(1.03% standard deviation) for round 4. This is consistent with the linear piezoelectric 
coupling relationships. Within the 2000 µɛ cycling tests only one transducer fracture 
occurred. This was during round 4 testing for sample CFRP 7 PZT ID 51 (cyanoacrylate).  
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Figure 6.99 and Figure 6.100 show that minimal difference exists between the start and 
end voltage outputs for most of the transducers after 50,000 cycles at 2000 µɛ.  
 
Figure 6.99. Round 3, 2000 µɛ, Transducer output voltage at start and end of cycling  
 
For the round 3 specimens the average decrease in output voltage over the test is 1.5% 
for the PVDF bonded transducers and 3.7% for the cyanoacrylate bonded transducers. Of 
these the cyanoacrylate bonded transducers CFRP 6 PZT ID 26 and CFRP 10 PZT ID 28 
exhibit decreases of 5.5% and 6.1% respectively.  
For round 4, excluding the specimen with the fractured transducer, the decrease in output 
is 2.2% for the PVDF bonded transducers and 1.24% for the cyanoacrylate bonded 
transducers. The difference in the cyanoacrylate bonded transducer performance between 
round 3 and round 4 is attributed to the cyanoacrylate gluing process. The cyanoacrylate 
fillet on round 3 specimens was not as uniform as those on round 4 specimens which were 
essentially perfectly formed.  
Figure 6.101 shows the average maximum transducer output voltage measured during 
testing. The 1000 µɛ test produces a consistent transducer output indicating negligible 
decline in transducer performance. The 2000 µɛ test data shows an initial slow decline in 
transducer output with the change in output reducing as cycling continues eventually 
reaching a steady state output indicating that transducer performance has stabilised. The 
faster initial decrease in transducer output is indicative of damage occurring to the 
transducer or to the attaching bond after which the rate of damage accumulation 
decreases. 
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Figure 6.100. Round 4, 2000 µɛ, Transducer output voltage at start and end of cycling 
 
 
3000 µɛ Cycling 
The start and end output voltages for these tests are shown in Figure 6.102 and Figure 
6.103. Given that the 2000 µɛ tests produced an increase in the maximum voltage 
amplitude which is approximately double that produced during the 1000 µɛ tests it is 
reasonable to assume that 3000 µɛ will produce a tripling of the 1000 µɛ maximum voltage 
amplitude. This level of output is achieved by only a few transducers, most transducers 
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Figure 6.101. Round 3, 1000 µɛ and 2000 µɛ, Processed mean transducer voltage output 
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show low starting voltages. This is caused by fracture of the piezoceramic element or 
another form of rapid transducer degradation such as bond failure or strain depoling 
damage during initial test cycling. When this occurs the data logging system does not 
capture adequate voltage data prior to the damage event instead what is captured is the 
lower output from an already damaged transducer. Fracture produces a rapid decrease in 
the amplitude of voltage output as shown for example in Figure 6.101 for the round 3 
sample CFRP 5 PZT ID 34 (cyanoacrylate) which fractured during the 0 cycle to 20 cycle 
window. The failure cycle windows for other fractured transducers are listed in Table 6.8. 
Intact (unfractured) transducers like CFRP 5 PZT ID 21 (PVDF) show an initial period of 
quick decline in transducer output followed by a reduced rate of decline.  
 
Figure 6.102. Round 3, 3000 µɛ, Transducer output voltage at start and end of cycling 
 
 
Figure 6.103. Round 4, 3000 µɛ, Transducer output voltage at start and end of cycling  
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Figure 6.104 shows that for CFRP 10 PZT ID 47 (cyanoacrylate) there is a rapid initial 
decrease in voltage output followed by a short period of a lower rate of decline and then 
another rapid decline at approximately the same time as the fracture in CFRP 10 PZT ID 
46 (PVDF) occurs. The PVDF bonded transducer (PZT ID 46) had an initial low rate of 
decline in performance until it fractured at approximately 3,500 cycles at this point a sharp 
decrease in output is observed followed by an almost steady state output. The similarity of 
the first period of rapid decrease in output for PZT ID 47 to the post-fracture period for PZT 
ID 46 indicates that PZT ID 47 fractured at the start of testing well before PZT ID 46.   
The data for CFRP 6 PZT ID 42 (PVDF) and CFRP 6 PZT ID 52 (cyanoacrylate) both 
show low initial voltages, both transducers were fractured during testing. The fracture cycle 
window for CFRP 6 PZT ID 42 could not be determined however judging from the rate of 
decline in the voltage output shown in Figure 6.104 fracture occurred either prior to the 
fracture of CFRP 6 PZT ID 52 which was during the 60 to 80 cycle window. 
 
Figure 6.104. Round 4, 3000 µɛ, Processed mean transducer voltage output  
 
Subsection summary 
The results indicate that at 1000 µɛ there is negligible change in transducer voltage output 
after 50,000 cycles. At 2000 µɛ some decline in maximum transducer voltage output 
occurs in the early stages of testing, as cycling continues the voltage output stabilises at a 
steady output. At 3000 µɛ a large number of transducers (predominantly cyanoacrylate 
bonded) fracture during the initial cycles of testing. Complete separation of the fragments 
causes a rapid reduction in the maximum amplitude of the transducers voltage output and 
the sinusoidal voltage signal may show signs of distortion. Once a transducer is fractured it 
typically exhibits very low or minimal further degradation in maximum voltage amplitude.  
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6.4.2.2 PZT disc fracture 
Table 6.7 shows the percentage of transducers tested that were confirmed as fractured 
upon removal from the CFRP-PVDF substrate. Failure of the discs is by fracture 
perpendicular to the applied strain (Figure 6.105) predominantly near the middle of the 
disc, in all cases the discs broke into two pieces (Figure 6.105). The FEA models show 
that within the piezoceramic element Y-Z shear stress contours form perpendicular to the 
applied strain (Figure 6.17) this orientation is the same as that of the observed fracture 
line. FEA also shows that the largest in plane and out of plane stresses form near the 
piezoceramics perimeter (Figure 6.49, Figure 6.53, Figure 6.57 and Figure 6.61). 
Table 6.7. Percentage of fractured PZT disc by treatment 
Fatigue experiment number 3 3 4 4 
Test strain range (µɛ) PVDF Cyanoacrylate PVDF Cyanoacrylate 
100 - 1000 0 0 0 0 
200 - 2000 0 0 0 33 
300 - 3000 25 25 40 100 
 
The ratios are shown in Table 6.8 and are categorised as either a major fragment in which 
the PZT disc broke into approximately equally sized pieces or as a minor fragment where 
one of the fracture pieces is significantly smaller than the other. The discs with the PZT ID 
numbers 47, 42 and 46 fall into this second category. Note that the cumulative cycle count 
number is for the strain regime test being used at time of failure it does not include the 
50,000 cycles at 1000 µɛ. Fracture failure of transducers occurs predominantly in the first 
1,000 cycles. 
Table 6.8. Fractured PZT disc details 
Fatigue 
experiment 
number 
Test 
strain 
range (µɛ) 
CFRP 
number PZT ID 
% of total 
disc mass 
Cumulative 
cycle 
count 
Bonding 
system 
4 3000 10 47 99.62 0.38 - Cyanoacrylate 
4 3000 6 42 96.76 3.24 - PVDF 
4 3000 10 46 90.35 9.65 3480-3500 PVDF 
4 3000 9 48 60.98 39.02 40-60 Cyanoacrylate 
4 3000 6 52 57.63 42.37 60-80 Cyanoacrylate 
4 2000 7 51 57.46 42.54 5040-5060 Cyanoacrylate 
3 3000 4 20 54.84 45.16 80-100 PVDF 
3 3000 5 34 54.78 45.22 0-20 Cyanoacrylate 
4 3000 8 49 53.46 46.54 380-400 Cyanoacrylate 
4 3000 5 53 52.26 47.74 0-20 Cyanoacrylate 
 
For Figure 6.105 the fracture segment for PZT ID 47 is not visible from top, the fragment 
only formed contact with the lower silver electrode surface therefore the bottom view is 
shown along with the fragment. The electrode orientation (of the top surface (not visible)) 
is the same as shown for the other discs (i.e. the top surface lower electrode connection is 
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on the left hand side of the image). Transducer disc numbers are written on the transducer 
surface, the order of numbering of each individual fragment (i.e. 51-1 and 51-2) is 
arbitrary.  
 
Figure 6.105. Fractured PZT disc micrographs 
Cycle count at Fracture 
The fatigue cycle count at PZT disc fracture is determined by using the change that occurs 
in the %RMSD metric measured at each 1,000 cycle increment and the voltage output 
measurement data. This locates the moment of failure to within a 40 cycle window. Table 
6.8 shows this data.  
Fracture affects the transducer output voltage and the impedance spectrum. Output 
voltage undergoes a reduction in the peak to peak output voltage amplitude and may also 
show deformation of the sinusoidal waveform signal. The data shown in Figure 6.106 is 
the voltage output before fracture, at the instant of total separation of the fracture pieces 
and after fracture. The data was captured during fatigue experiment round 4 for the 
sample CFRP 7, PZT ID 51 (cyanoacrylate), loaded at 2000 µɛ.  
 
Figure 6.106. Round 4, CFRP 7 (PZT ID 51), 2000 µɛ, PZT voltage output signal at time of fracture event 
 
Figure 6.106  shows that immediately preceding the complete electrical separation of 
fracture pieces (5,060 to 5,079 cycle sample window) the output voltage of the PZT 
transducer is lower than during the previous data capture (5,040-5,059 cycle sample 
window). The decrease in amplitude indicates that the fracture of the piezoceramic 
occurred before the start of the 5,060 cycle data window. The decrease in amplitude is 
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explained by the fracture event reducing the total strain amplitude within the piezoceramic 
element compared to a fully intact transducer disc. What is observed in the 5,060 to 5,079 
cycle sample window is the separation of the electrical connection between the two 
transducer pieces ones of which maintains electrical connectivity with the data logging 
circuit.  
The resulting output signal after complete electrical separation of one of the fractured 
segments is shown by the 5,080-5,099 cycle data window. This trace shows that as 
voltage increases to 20 volts it follows the intact transducer voltage trace indicating that 
the fragments are in contact, soon after 20 volts is reached the fragments separate 
producing a flattening of the line. As the load decreases in the specimen the fragments 
reform the electrical connection (the secondary dip in the trace near the minimum). This 
profile is typical of the post fracture event signals exhibited by all of the fractured PZT 
transducer with the exception of disc numbers 47, 42 and 46. These three transducers 
exhibit output signals that show the first effect of failure, reduced peak to peak amplitude 
but with minimal distortion of the signal profile (Figure 6.107) compared to that of the 
undamaged PZT transducer.  
The signal trace shown in Figure 6.107 is possibly caused by either total electrical 
separation of the two fragments from time of fracture to the end of testing, or based on the 
profile shown in Figure 6.106 fracture of the piezoceramic element reduced strain but the 
electrical connection between the fragments was maintained throughout cycling for the 
duration of testing. 
 
Figure 6.107. Round 4, CFRP 10 (PZT ID 46), 3000 µɛ, PZT transducer voltage output signals 
 
The examination of the post-test micrographs for CFRP 10 PZT ID 46 (Figure 6.108) 
shows that a fracture is visible within the piezoceramic but it is only partially discernible in 
the top surface silver electrode layer. The shape of the fractured segments for CFRP 6 
PZT ID 42 (PVDF) and CFRP 10 PZT ID 47 (cyanoacrylate) indicate fracture was initiated 
at the lower electrode surface and propagated in the direction away from the substrate. An 
instance of such an event was observed during experiments where the performance of a 
transducer indicated a substantial fracture event the voltage signals showed a large drop 
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in amplitude and deformation of the waveform. With continued cycling the voltage 
amplitude recovered substantially and signal deformation disappeared. After removal of 
the transducer from the substrate it was found that the fracture pieces were still joined 
together by the top surface silver electrode layer only. This effect is similar to that reported 
by Ang et al. (2010), (p767) whereby the alignment of a broken optical fibre was preserved 
by the adhesive allowing reduced functionality to be retained.  
 
Figure 6.108. Round 4 CFRP10 (PZT ID 46), 3000 µɛ fracture of piezoceramic and not the silver electrode 
 
The voltage data shows that negligible output change occurred to the transducers when 
the substrates were loaded to 1000 µɛ and cycled. At 2000 µɛ a small number of sensor 
fracture events occurred and some degradation in the maximum amplitude voltage was 
observed for all transducers. The decrease was slightly more in round 3 than in round 4 
cyanoacrylate bonded specimens suggesting that the lower uniformity of the round 3 
cyanoacrylate fillets was an influencing factor. 
The small but widespread decrease in voltage output is attributed to both the re-orientation 
of domains during the early stages of testing and bond layer change. This explains the 
initial decline in voltage amplitude followed by steady state output, a trend that is similar to 
the changes in piezoelectric coefficients reported by (Jaffe et al., 1971), (Okayasu et al., 
2009), and stress depoling reported by (Krueger, 1967). At 3000 µɛ loading the number of 
fractured transducers increased, and for many transducers the maximum amplitude 
voltage output decreased rapidly during the initial cycles.  
The total number of transducers used for the 3000 µɛ treatment in round 3 and 4 of testing 
was eight and ten respectively. For both bonding systems combined 25% of the 
transducers fractured during round 3 (160 µm bond layer) and 70% during round 4 (100 
µm bond layer). Results from the FEA simulations show that shear strain produced at the 
interface of the adhesive and silver electrode layer for 160 µm thick bond layers loaded at 
3000 µɛ is greater than the strain produced by the 100 µm thick bond layers at 2000 µɛ but 
less than that produced by the 100 µm thick bond layer loaded at 3000 µɛ. This trend fits 
with these fracture results. 
At 3000 µɛ loading the number of fractured transducers was split evenly between the two 
bonding systems (1 each) for fatigue experiment round 3. For fatigue experiment round 4 
100% of cyanoacrylate bonded transducers fractured compared to 40% of the PVDF 
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welded transducers. The fracture of transducer numbers 42, 46 and 47 occurred close to 
the perimeter of the disc and all occurred in 100 µm thick bond layers. FEA simulations 
predict that near the perimeter the thinner 100 µm bond produces significantly larger Z 
direction peel stresses (Figure 6.31), Y direction (Figure 6.30) tensile stresses and Y-Z 
shear stresses (Figure 6.32) than a 160 µm thick bond.  
This difference in fracture rate between the two bonding systems is the result of the 
difference in the material properties. For the material properties listed in Table 4.1 the FEA 
models indicate that the PVDF bond layer will produce slightly higher levels of stress than 
the cyanoacrylate bond layer at the interface of the bond and silver electrode layers. 
However in the fatigue experiments the PVDF bonded transducers produce lower 
maximum voltage amplitudes than transducers bonded with cyanoacrylate. This indicates 
that there is a difference in material behaviour which influences the bond layers strain 
transfer to the piezoceramic element.  
It is possible that the actual relative material properties of PVDF and cyanoacrylate differ 
from the values listed in Table 4.1. The modulus of PVDF may be less than that for 
cyanoacrylate this would provide an explanation for the lower maximum amplitude voltage 
output from PVDF welded transducers. The FEA data indicates that the when the material 
properties are similar the predictions have a better fit with experimental results. The FEA 
shows that the thinner average bondline thickness used in experiment round 4 is a 
plausible explanation for the higher number of fractures compared to fractures in round 3 
tests. 
Another possible explanation for the difference in fracture rate of the two bond layers is the 
effect of a material behaviour that does differ substantially between PVDF and 
cyanoacrylate. Elongation at break for PVDF is given by Westlake Plastics Company 
(2009), (p1) as 160%, Humphrey and Amin-Sanayei (2001), (p516) give a typical 
elongation at break for PVDF of between 50% to 100%. This contrasts with Coover et al. 
(1989), (p469) who provide a figure of less than 2% elongation for ethyl cyanoacrylate.  
The linear FEA analysis does not account for nonlinear affects thus it does not consider 
material plasticity which would enable the bondlines to redistribute stress away from high 
stress areas that the linear FEA predicts to occur near the perimeter of the transducer. A 
thin bond is less able to do this and is why three minor fracture events are observed for the 
100 µm thick bond near the perimeter. Based on the single transducer 3D FEA, if stresses 
near the perimeter are reduced by plastic deformation large Y direction (Figure 6.30, 
Figure 6.49) tensile stress levels still remain near the middle of the transducer. These are 
the cause of fracture near the middle of the transducer. 
Subsection summary 
The results indicate that 1000 µɛ is a safe working strain range for these specimen 
transducer configurations. At 2000 µɛ some fractures occur and degradation in 
performance is observed which after 50,000 cycles appears to reach a steady state. This 
suggests that this level of strain represents the maximum strain that these test 
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configurations can in general tolerate without serious degradation to the piezoceramic 
element.  
6.4.2.3 %RMSD of substrate mounted transducers during testing 
The impedance spectra measurements taken during testing (in-test measurements) are 
compared in this section. These readings were measured at intervals of 1,000 cycles 
whilst the substrate was held at average strain.  
The average %RMSD data presented in this section was calculated for the frequency band 
200 kHz to 300 kHz these are compared to a baseline reading taken for the pre-test 
clamped specimen at 0 µɛ. This is different to the in-test pause period specimen strain 
conditions of 550 µɛ, 1100 µɛ and 1650 µɛ for the 1000 µɛ, 2000 µɛ and 3000 µɛ tests 
respectively. This difference in boundary conditions between the baseline and the 
measurements creates a no effect offset in the average %RMSD values. Note that the 
range bars indicate maximum and minimum values for each dataset. 
1000 µɛ cycling 
The average %RMSD at 1000 µɛ for all experiment round 3 test specimens is shown in 
Figure 6.109 and for round 4 in Figure 6.113. Note that the results shown in Figure 6.113 
exclude data for sample CFRP 10, this was done because an intermittent data logging 
fault produced impedance spectra readings that were incorrect. These signals produced 
extremely high %RMSD values from cycle 15,000 onwards, if plotted these values obscure 
all the data shown for the other test specimens.  
The figures show that PVDF bonded transducers have a smaller %RMSD response than 
the cyanoacrylate bonded transducers to the differences in specimen boundary conditions. 
The small maximum and minimum value ranges for most transducers show that these are 
not being significantly affected by the 1000 µɛ cycling.  
 
Figure 6.109. Round 3, 1000 µɛ, Average %RMSD in-test individual results 
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For Figure 6.109 the large maximum %RMSD values indicated by the range bars for the 
PVDF bonded transducers on samples CFRP 5 and CFRP 9 are caused by large %RMSD 
values at 9,000 and 10,000 cycles, and at 3,000 cycles respectively. Before and after 
these events %RMSD values are similar to the average value. If these outlier values are 
excluded the %RMSD maximum range decreases to 12.92 (CFRP 5) and 5.03 (CFRP 9) 
for each sample. 
Figure 6.110, Figure 6.111 and Figure 6.112 show that there is minimal change in real 
admittance for the transducers on samples CFRP 3, 4 and 5 between the start of testing 
and the end of testing. The slight changes in the height of the main peak indicate an 
increase in damping for the PVDF bond and a slight decrease in damping for the 
cyanoacrylate bond, the same trend is observed for sample CFRP 6.  
For samples CFRP 7, 8 and 10 the cyanoacrylate bonded transducers still show a slight 
decrease in damping but the PVDF bonded transducers instead show slight decreases in 
damping. This suggests that the cycling is producing some minor changes predominantly 
to the cyanoacrylate bonding system.  
The presence of a decrease in damping for the cyanoacrylate bonded transducers in 
round 4 is discernible only for samples CFRP 3 and 4. The rest of the cyanoacrylate 
bonded transducers and all of the PVDF bonded transducers exhibit no change. The exact 
cause of these slight changes is not known. It is possible that the difference is caused by a 
change in the sample it is also possible that these changes are caused by measurement 
system variation. 
 
Figure 6.110. Round 3, CFRP 3, 1000 µɛ, Pre-test and post-test real admittance signatures 
 
The real admittance signatures for sample CFRP 4 (Figure 6.111) are different to those 
shown for any of the other round 3 test specimens. The consistency of the pre-test and the 
post-test signals indicates that the cause is within the sample, this may indicate a 
difference in the transducer bond condition compared to the other test samples. 
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Figure 6.111. Round 3, CFRP 4, 1000 µɛ, Pre-test and post-test real admittance signatures 
 
 
Figure 6.112. Round 3, CFRP 5, 1000 µɛ, Pre-test and post-test real admittance signatures 
 
For round 4 the larger maximum range value for transducers on sample CFRP 8 (Figure 
6.113) is produced by large %RMSD values at 43,000 and 44,000 cycles (PVDF) and 
41,000 cycles (cyanoacrylate). %RMSD values prior to and after these readings are similar 
to the average values, excluding these values produces a maximum range of 12.55 
(PVDF) and 13.77 (cyanoacrylate). Figure 6.114 shows that for sample CFRP 8 there is no 
change to each transducers real admittance signature. This confirms that the large 
%RMSD value is not caused by transducer damage.  
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Figure 6.113. Round 4, 1000 µɛ, Average %RMSD in-test individual results 
 
 
Figure 6.114. Round 4, CFRP 8, 1000 µɛ, Pre-test and post-test real admittance signatures 
 
2000 µɛ cycling 
Figure 6.115 and Figure 6.120 show the average %RMSD results at 2000 µɛ for round 3 
and round 4 tests respectively.  
In Figure 6.115 the large maximum range shown for the PVDF bonded transducer on 
sample CFRP 6 is caused by three large %RMSD values that occur at 23,000, 25,000, 
and 39,000 cycles. If these 3 values are excluded the maximum range reduces to 14.6. 
Figure 6.116 shows the in-test real admittance signatures for sample CFRP 6, there is a 
lack of a clear peak for the cyanoacrylate bonded transducer at 50,000 cycles and the 
fluctuation in the data trace indicates a problem with the transducer electrical connection to 
the measurement system. The lack of simultaneous change to both the peak maximum 
and the peak minimum values for the post test cyanoacrylate signature shown in Figure 
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6.117 suggests that there has been no change in the system. The aberration in the pre-
test cyanoacrylate data further indicates an electrical connection problem. 
For sample CFRP 10 Figure 6.118 and Figure 6.119 show the post-test condition of the 
PVDF bonded transducer has changed. Figure 6.119 indicates there has been a change in 
stiffness which is confined to the PZT ID 31 the PVDF bonded transducer system because 
a similar response is not shown by the cyanoacrylate bonded transducer signature; which 
instead indicates a slight decrease in damping. Data from 3000 µɛ tests shows that a 
change in stiffness occurs when a transducer fractures, no fracture was observed for this 
transducer. 
 
Figure 6.115. Round 3, 2000 µɛ, %RMSD in-test individual results 
 
 
Figure 6.116. Round 3, CFRP 6, 2000 µɛ, In-test 1,000 and 50,000 cycle real admittance signatures 
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Figure 6.117. Round 3, CFRP 6, 2000 µɛ, Pre-test and post-test real admittance signatures 
 
 
Figure 6.118. Round 3, CFRP 10, 2000 µɛ, Pre-test and post-test real admittance signatures 
 
 
Figure 6.119. Round 3, CFRP 10, 2000 µɛ, Pre-test and post-test real admittance signatures 
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In round 4 test specimens (Figure 6.120) the high maximum value shown for the 
cyanoacrylate bonded transducer on sample CFRP 3 is caused by a single large %RMSD 
value at 27,000 cycles, excluding this value produces a range maximum of 14.98.  
On sample CFRP 7 the cyanoacrylate bonded transducer fractured between 5,040 and 
5,060 cycles into two approximately equal pieces. %RMSD reading before the fracture 
event at 5,000 cycles shows that both of the transducers had values similar to the 
averages for the other test specimens at 6.57 (PVDF) and 8.76 (cyanoacrylate).  
The %RMSD calculated at 6,000 cycles shows the values for the transducers increased to 
28.45 (PVDF) and 94.62 (cyanoacrylate), after which minimal change occurred (Figure 
6.121).  
The increase in the %RMSD value of the PVDF bonded transducer is attributed its 
impedance spectra picking up changes to the condition of the cyanoacrylate bonded 
transducer caused by the fracture. This is supported by Figure 6.122 which shows that the 
pre-test and post-test imaginary admittance signatures for the PVDF bonded transducer 
are virtually unchanged. The signatures for the cyanoacrylate bonded transducer shows 
the effect of the transducer fracture.  
 
Figure 6.120. Round 4, 2000 µɛ, %RMSD in-test individual results 
 
In Figure 6.123 the increase in the height of the post-test real admittance peak for the 
PVDF bonded transducer indicates that there has been a large decrease in system 
damping. The real admittance signatures in Figure 6.124 are for both transducers taken 
before and after the fracture event. The figure shows more clearly that the change in the 
response of the PVDF transducer. One noticeable difference between Figure 6.123 and 
Figure 6.124 is the signature post fracture shape of the cyanoacrylate bonded transducer 
Figure 6.124 is showing the real admittance signature for half of the transducer disc. Upon 
unloading of the specimen the electrical connectivity between the two halves of the disc is 
restored this returns an impedance signature that is similar to an intact transducer (Figure 
6.123). 
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Figure 6.121. Round 4, CFRP 7, 2000 µɛ, %RMSD in-test results 
 
 
Figure 6.122. Round 4, CFRP 7, 2000 µɛ, Pre-test and Post-test imaginary admittance signatures 
 
 
Figure 6.123. Round 4, CFRP 7, 2000 µɛ, Pre-test and Post-test real admittance signatures 
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Figure 6.124. Round 4, CFRP 7, 2000 µɛ, In-test pre-fracture and post-fracture real admittance signatures 
 
3000 µɛ cycling 
Figure 6.125 and Figure 6.134 show the average %RMSD results at 3000 µɛ for round 3 
and round 4 tests respectively. In these figures the transducers which exhibit the smallest 
differences between maximum and minimum ranges are the transducers that fractured 
soon after the commencement of specimen cycling (Table 6.8) before the first in-test 1,000 
cycle impedance measurements were performed. In Figure 6.125 fractures occurred for 
the PVDF bonded transducer on sample CFRP 4 and for the cyanoacrylate bonded 
transducer on sample CFRP 5.  
 
Figure 6.125. Round 3, 3000 µɛ, %RMSD in-test individual results 
 
Figure 6.126 shows that for the cyanoacrylate bonded transducer on sample CFRP 4 the 
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cycle real admittance signatures (Figure 6.127) indicate that minimal additional 
degradation of the transducers occurred after the fracture event. As was the case for 
sample CFRP 7 in round 4 2000 µɛ testing (Figure 6.124), Figure 6.127 shows the in-test 
response for one segment of the fractured PZT, the other segment being electrically 
separated by the average strain loading. A similar trend is shown for the fractured 
cyanoacrylate bonded transducer and the unfractured PVDF transducer on sample CFRP 
5 (Figure 6.128 and Figure 6.129). 
 
Figure 6.126. Round 3, CFRP 4, 3000 µɛ, Pre-test and post-test real admittance signatures 
 
 
 
Figure 6.127. Round 3, CFRP 4, 3000 µɛ, In-test 1,000 and 50,000 cycle real admittance signatures 
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Figure 6.128. Round 3, CFRP 5, 3000 µɛ, Pre-test and post-test real admittance signatures 
 
 
Figure 6.129. Round 3, CFRP 5, 3000 µɛ, In-test 1,000 and 50,000 cycle real admittance signatures 
 
For sample CFRP 7 Figure 6.130 and Figure 6.131 show the pre-test and post-test real 
admittance and the in-test 1,000 and 50,000 real admittance signatures. These show that 
there is a reduction in stiffness for both transducer systems the cyanoacrylate bonded 
transducer is more affected than the PVDF bonded transducer. For sample CFRP 8 shown 
in Figure 6.132 the results for the PVDF bonded transducer indicate a reduction in 
damping for both bond systems. Figure 6.133 shows that under average strain the PVDF 
transducer shows an increase in damping whilst the cyanoacrylate bonded transducer 
indicates a reduction in stiffness. The cause of this behaviour is not yet established.   
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Figure 6.130. Round 3, CFRP 7, 3000 µɛ, Pre-test and post-test real admittance signatures 
 
 
Figure 6.131. Round 3, CFRP 7, 3000 µɛ, In-test 1,000 and 50,000 cycle real admittance signatures 
 
 
Figure 6.132. Round 3, CFRP 8, 3000 µɛ, Pre-test and post-test real admittance signatures 
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Figure 6.133. Round 3, CFRP 8, 3000 µɛ, In-test 1,000 and 50,000 cycle real admittance signatures 
 
 
For round 4 3000 µɛ testing Figure 6.134 shows large %RMSD values for samples CFRP 
5, 6, 8 and 9. For each of these the cyanoacrylate bonded transducer fractured into 
approximately equal pieces (Table 6.8) before 1,000 cycles.  
 
Figure 6.134. Round 4, 3000 µɛ, %RMSD in-test individual results 
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6.137, the responses for the transducers on samples CFRP 6, 8, and 9 are similar. Figure 
6.135 and Figure 6.136 show that the impedance signal for the fractured cyanoacrylate 
bonded transducer is significantly altered by the event, in comparison the signal for the 
PVDF bonded transducer changes slightly. Figure 6.136 indicates that this change to the 
PVDF bonded transducer is caused by a reduction in damping of the system.  
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After the fracture event minimal change occurs to either transducer (Figure 6.137). The 
overall small change observed for the PVDF bonded transducers (Figure 6.135) indicates 
that for these specimens the cycling at 3000 µɛ did not produce large changes to the 
PVDF bonded transducer system itself, the changes are largely caused by the 
cyanoacrylate fracture. 
 
 
Figure 6.135. Round 4, CFRP 5, 3000 µɛ, Pre-test and post-test imaginary admittance signatures  
 
 
Figure 6.136. Round 4, CFRP 5, 3000 µɛ, Pre-test and post-test real admittance signatures 
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Figure 6.137. Round 4, CFRP 5, 3000 µɛ, In-test 1,000 and 50,000 cycle real admittance signatures 
 
Figure 6.138, Figure 6.139 and Figure 6.140 show the impedance signatures for sample 
CFRP 10. Each transducer on this specimen fractured into two parts producing a small 
fragment (Table 6.8). The PVDF bonded transducer fractured between 3,480 and 3,500 
cycles it is not known exactly when the cyanoacrylate bonded transducer fractured but it is 
thought that this occurred at the start of cycling.  
 
Figure 6.138. Round 4, CFRP 10, 3000 µɛ, Pre-test and post-test imaginary admittance signatures 
 
Figure 6.139 indicates changes in stiffness for both bonding systems. The data in Figure 
6.140 shows that little change occurred to the PVDF bonded transducer impedance 
signature post fracture (4,000 cycles) through to the end of testing. The data for the 
cyanoacrylate bonded transducer shows more degradation for the same period.  It is 
assumed the transducer fractured before or at the same time as the PVDF fracture event 
as is indicated by the voltage trace data (Figure 6.104). The minor fracture reduced the 
overall strain within the transducer but not enough to prevent further degradation from 
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occurring during continued cycling this is shown by the voltage data and by the real 
admittance signature (Figure 6.140).  
 
Figure 6.139. Round 4, CFRP 10, 3000 µɛ, Pre-test and post-test real admittance signatures 
 
 
Figure 6.140. Round 4, CFRP 10, 3000 µɛ, In-test 4,000 and 50,000 cycle real admittance signatures 
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is a slight decrease in damping; similar observations are only evident on two samples from 
round 4 tests. For round 3 the PVDF bonded transducers show either a slight increase or a 
slight decrease in damping. These observations might be caused by minor changes to the 
adhesive bond layer or may be impedance measurement errors.     
At 2000 µɛ transducer behaviour is similar between bond types and between rounds of 
testing. Fracture of a transducer on a sample produces a simultaneous change in the real 
and imaginary admittance signatures for both transducers. It also implies that the 
degradation of bonds and domains is occurring. The real admittance signal of a fractured 
transducer shows a decrease in stiffness, the intact transducer shows a decrease in 
damping (implying reduced overall system/substrate damping), these changes produce an 
increase in the %RMSD value for both transducers. 
The results at 3000 µɛ for both rounds of testing show that when a transducer fractures the 
%RMSD values increase for both transducers at the same time. The intact transducer is 
detecting the fracture as a change in damping. The severity of the fracture event 
influences the post fracture behaviour of both the fractured and unfractured transducer. 
Where a major fragment is created both transducers show low amounts of continued 
degradation as cycling continues, where a minor fragment is created degradation with 
cycling continues at a faster rate. For round 3 at 3000 µɛ the specimens on which both 
transducers are intact the %RMSD of PVDF bonded transducer is lower than for the 
cyanoacrylate bonded transducer. 
For samples with fractured transducers holding of the specimen at the average strain 
typically results in electrical isolation of one of the transducer fragments. This produces an 
impedance measurement very different to a reading taken for the same fractured 
transducer under no load conditions whereupon electrical connection is re-established. 
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6.4.2.4 %RMSD of substrate mounted transducers  
The impedance spectra of the transducers whilst mounted on the CFRP-PVDF substrate 
were measured immediately before and again after fatigue testing. This was done for all 
samples and all strain treatments. This data was used to construct the %RMSD metric 
using the measurement before testing as the reference signal.  
The analysis includes all transducer specimens irrespective of whether transducers 
fractured during testing. Changes in the %RMSD values show the changes caused by the 
specific strain treatment for which it is reported.  
Note that the range bars on data plots indicate the maximum and minimum range of test 
values. 
Round 3 testing 
Figure 6.141 shows the average change in %RMSD for samples grouped by test strain 
range.  
 
Figure 6.141. Round 3, Fatigue testing %RMSD results 
 
The results for all test samples were used in a statistical analysis of the data using the 
ANOVA (95% confidence interval (CI)) method: 
 Sixteen PZT discs for the 1000 µɛ analysis 
 Eight PZT discs each for the analysis of 2000 µɛ and 3000 µɛ test data.  
The population size for each of the bonding systems is restricted to eight PZT discs (1000 
µɛ tests) and four PZT discs each for the 2000 µɛ and 3000 µɛ tests.  
An assessment of the normality of the data for each bonding system and each test strain 
range was conducted using the Anderson-Darling statistic. The results are shown in Table 
6.9. 
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Table 6.9. Round 3, Anderson-Darling statistics 
Test strain 
range (µɛ) 
PVDF Cyanoacrylate 
AD p-value AD p-value 
1000 0.228 0.719 0.381 0.308 
2000 0.628 0.032 0.607 0.037 
3000 0.309 0.342 0.323 0.310 
 
Of the three test strain ranges, both bond systems for the 1000 µɛ and 3000 µɛ tests 
satisfy the normality criteria. However the analysis shows for the 2000 µɛ tests neither 
bonding system satisfies the normality test at the 95% CI. Neither bonding system suffered 
a PZT disc fracture failure. The lack of normality is caused by the high %RMSD values 
obtained for test samples CFRP 6, PZT ID 26 and CFRP 10, PZT ID 31 which heavily 
skew the group datasets. This is shown graphically in Figure 6.142 
 
Figure 6.142. Round 3, 2000 µɛ, %RMSD individual PZT results 
 
The statistical analysis of the %RMSD values shows that for the 1000 µɛ dataset there is a 
significant difference (95% CI) between the two bond types and no significant difference 
between the samples. The average %RMSD value for each bonding system is 3.85 
(PVDF) and 5.56 (cyanoacrylate). Standard deviations (reported as a percentage of the 
average) are 31.03% and 31.61% respectively.  
For the 2000 µɛ treatments ANOVA was not conducted because the lack of normality 
(95% CI) makes this comparison unreliable. A comparison of the average %RMSD and 
standard deviations for each bonding system shows that these values are comparable at 
8.16 (PVDF) and 7.48 (cyanoacrylate), with standard deviations of 93.84% and 91.95% 
respectively. For this experimental configuration the data indicates that there is minimal 
difference between the two bonding systems.  
Figure 6.143 shows the results for the 3000 µɛ treatments. No significant difference (95% 
CI) is found between either the samples or between the bonding systems. The average 
%RMSD value for each bonding system is 39.67 (PVDF) and 48.93 (cyanoacrylate). 
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Standard deviations are 44.14% and 30.14% respectively. Again as for the 2000 µɛ data 
these values indicate that the two systems are behaving similarly. 
 
Figure 6.143. Round 3, 3000 µɛ, %RMSD individual PZT disc results 
 
Subsection summary 
For the 1000 µɛ data the difference between the mean of the values for each bonding 
system is 1.71 %RMSD. The small population size of this dataset and the small difference 
between the population averages makes any actual difference minimal and likely affected 
by variations due to the impedance spectra measurement system (See preliminary 
experiments).   
The mean values for the 1000 µɛ and 2000 µɛ tests are similar in magnitude. This 
indicates that both are experiencing similar levels of load transfer. The %RMSD values 
from the 3000 µɛ tests are on average larger which shows that these specimens are more 
affected by the higher levels of strain.  
Round 4 testing  
Figure 6.144 shows the average change in %RMSD for samples grouped by test strain 
range. For the 1000 µɛ analysis the data from test sample CFRP 10 was excluded. 
Examination of the impedance spectra for this sample showed that the pre-test data 
measured for PZT ID 46 (PVDF) was anomalous (Figure 6.145).  
Figure 6.145 and Figure 6.146 show that the signal condition had improved at the end of 
the 1000 µɛ testing. A 3000 µɛ pre-test impedance measurement showed that the 
response of the specimen was normal. On this basis it was re-included as a test piece for 
the 3000 µɛ fatigue treatment. 
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Figure 6.144. Round 4, Fatigue testing %RMSD results 
 
 
Figure 6.145. Round 4, CFRP 10, PZT ID 46 (PVDF), Imaginary admittance, 1000 µɛ and 3000 µɛ pre and post test 
  
 
Figure 6.146. Round 4, CFRP 10, PZT ID 46 (PVDF), Real admittance, 1000 µɛ and 3000 µɛ pre and post test 
 
The sample allocation for the round 4 fatigue experiments used three samples for the 2000 
µɛ and five samples for the 3000 µɛ tests (Table 6.2). Therefore six PZT discs (2000 µɛ) 
and ten PZT discs (3000 µɛ) were available for each of treatment. 
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Assessment of the normality of the data for each bonding system and each test strain 
range was conducted using the Anderson-Darling statistic taking into account the 
exclusions mentioned. The results are shown in Table 6.10. 
Table 6.10. Round 4, Anderson-Darling statistics 
Test strain 
range (µɛ) 
PVDF Cyanoacrylate 
AD p-value AD p-value 
1000 0.442 0.181 0.477 0.142 
2000 0.209 0.547 0.420 0.100 
3000 0.26 0.527 0.410 0.199 
 
The ANOVA (95% CI) of the 1000 µɛ dataset shows that test sample CFRP 3, (PZT ID 38 
and PZT ID 40) is significantly different to the other samples. There was no significant 
difference between the bonding systems. The average %RMSD value for each bonding 
system is 4.01 (PVDF) and 5.25 (cyanoacrylate). Standard deviations are 64.25% and 
74.74% respectively.  
The values from sample CFRP 3 were excluded as statistical outliers because the values 
were significantly different at 9.82 %RMSD and 10.65 %RMSD for the PVDF and 
cyanoacrylate bonding systems respectively.  
The Anderson-Darling statistics for the 2000 µɛ test data show that it is skewed by data 
from sample CFRP 7, the cyanoacrylate bonded PZT disc (Figure 6.147). Given the small 
population sample size the reliability of the statistical analysis with or without this sample’s 
data is questionable. But for either case no significant difference exists between the two 
bonding systems.   
 
Figure 6.147. Round 4, 2000 µɛ, %RMSD individual PZT disc results 
 
The large %RMSD value for the PZT ID 51 (cyanoacrylate) on sample CFRP 7 is caused 
by the fracturing of the transducer in the 5040 to 5060 cycle window.  
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Table 6.11. Pre and post fracture %RMSD for CFRP 7, PZT ID 51 
PZT ID 51 Pre-fracture Post fracture 
Mean 8.62 94.44 
% Standard deviation 1.30 0.30 
 
The ANOVA for the 3000 µɛ dataset shows that the two bonding systems are significantly 
different (95% CI) no significant difference (95% CI) exists between the samples. The 
large range shown in Figure 6.144 is exacerbated by the small apparent change in the 
%RMSD for CFRP 10, PZT ID 47 (cyanoacrylate), (Figure 6.148). 
 
Figure 6.148. Round 4, 3000 µɛ, %RMSD individual PZT disc results 
 
Subsection summary 
The Anderson-Darling statistics show that all datasets fit normal distributions. Statistical 
analysis shows that there is no significant difference between the bonding systems or the 
samples for the 1000 µɛ and 2000 µɛ datasets. The 3000 µɛ data shows that there is a 
significant difference (95% CI) between the bonding systems but not between the 
samples.  
For the 1000 µɛ dataset it was found that the initial impedance spectra response from 
CFRP 10, PZT ID 46 (PVDF), (Figure 6.146) was abnormal indicating a problem within the 
measurement system at that particular time. Subsequent spectra measured after the 1000 
µɛ cycling treatment produced signals that were normal in shape indicating nothing wrong 
with the actual specimen. For this reason the data for this transducer was excluded from 
the statistical analysis of the 1000 µɛ dataset only. 
The large mean value shown for the 2000 µɛ test data (Figure 6.144) suggests a 
difference between the two bonding systems. However the large mean value is the result 
of the influence of the single transducer fracture event of CFRP 7, PZT ID 51 
(cyanoacrylate), (Figure 6.147). If this value is removed from the analysis the difference 
between the mean values for each bonding system is minimal. 
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6.4.2.5 %RMSD of detached PZT transducers  
The results of this analysis are presented as average values by strain range for each 
fatigue experiment round (Figure 6.149 and Figure 6.152). The %RMSD differences 
reported here are for the cumulative effect of the 1000 µɛ and either the 2000 µɛ or 3000 
µɛ test cycles. 
For fatigue experiment round 3 average values for the 2000 µɛ data shown in Figure 6.149 
are obtained from eight PZT discs (four for each bonding system). The 3000 µɛ analysis 
data is obtained from six PZT discs (three for each bonding system), of which one 
transducer from each bonding system is from a sample on which the other transducer 
fractured. Because of the limited number of intact discs available at the end of testing all 
intact transducer data is included in the statistical analysis.  
Round 3 testing 
The mean %RMSD is shown in Figure 6.149. The two test strain ranges show similar 
trends between the two bonding systems. The 2000 µɛ %RMSD mean values for PVDF 
and cyanoacrylate are 42.04 and 61.65 respectively. Standard deviations are 19.15% for 
PVDF and 16.21% for cyanoacrylate.  
The 3000 µɛ data set shows more variation in the PVDF data with a standard deviation of 
40.40% and a %RMSD mean of 43.73. The cyanoacrylate bonded PZT transducer has a 
standard deviation of 10.91% and a %RMSD mean of 50.71.  
 
Figure 6.149. Round 3, Fatigue testing %RMSD results 
 
The Anderson-Darling statistics for normality testing of these four datasets is shown in 
Table 6.12. The values show the 2000 µɛ PVDF dataset does not conform to a normal 
distribution at the 95% CI. This is caused by the lower %RMSD result obtained for sample 
CFRP 3, PZT ID 19 (PVDF) (Figure 6.150). Excluding the lower value from the dataset 
decreases the AD value to 0.235 and increases the p-value to 0.468 similar to that of the 
cyanoacrylate dataset. 
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Table 6.12. Round 3, Anderson-Darling statistics 
Test strain 
range (µɛ) 
PVDF Cyanoacrylate 
AD p-value AD p-value 
2000 0.574 0.048 0.254 0.504 
3000 0.191 0.625 0.363 0.162 
 
The results of the ANOVA (95% CI) shows that for the 2000 µɛ tests the two bonding 
systems are significantly different regardless of whether the data from CFRP 3, PZT ID 19 
(PVDF) is included or excluded. No significant difference exists between samples. 
Figure 6.150 shows a trend that PVDF welded transducers consistently have lower 
%RMSD values than the cyanoacrylate bonded transducers. 
 
Figure 6.150. Round 3, 2000 µɛ, Individual PZT disc results 
 
For the 3000 µɛ dataset (Figure 6.151) there is no significant difference (95% CI) between 
the samples or between the bonding systems. The loss of one PZT disc from each of 
samples CFRP 4, PZT ID 20 (PVDF) and CFRP 5, PZT ID 34 (cyanoacrylate) limits the 
reliability of the statistical analysis. As can be seen in Figure 6.151 the results do not have 
a clear trend and so are consistent with the statistical analysis result. 
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Figure 6.151. Round 3, 3000 µɛ, Individual PZT disc results 
 
Subsection summary 
The Anderson-Darling statistics show that all datasets fit normal distributions except for the 
2000 µɛ PVDF dataset. Statistical analysis shows that there is no significant difference 
between the samples for the 2000 µɛ and 3000 µɛ datasets. The 2000 µɛ data shows that 
there is a significant difference (95% CI) between the bonding systems. Whilst for the 3000 
µɛ no significant difference (95% CI) exists between the bonding systems.   
For the 2000 µɛ dataset (Figure 6.150) shows that the cyanoacrylate bonded PZT 
transducers have higher %RMSD values. Interpretation of the 3000 µɛ data (Figure 6.151) 
is made difficult by the two fractured PZT discs. Comparing the mean values (Figure 
6.149) shows that cyanoacrylate bonded specimens have slightly higher %RMSD values. 
Round 4 testing 
A complete statistical analysis of this data is prevented by the limited number of intact 
transducers available for both the 2000 µɛ and 3000 µɛ datasets (Figure 6.152). For the 
2000 µɛ dataset only two cyanoacrylate bonded transducers (CFRP 3, PZT ID 40 and 
CFRP 4, PZT ID 54) remained intact whilst for the 3000 µɛ dataset only one of the five 
cyanoacrylate bonded transducers (CFRP 10, PZT ID 47) remained relatively intact at the 
end of testing. This is compared to three intact PZT transducers for both strain ranges for 
the PVDF welded system.  
Note that for Figure 6.152 the cyanoacrylate bonded transducer value shown for 3000 µɛ 
is for a single remaining relatively intact PZT (CFRP 10, PZT ID 47). 
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Figure 6.152. Round 4, Fatigue testing %RMSD results 
 
The Anderson-Darling statistics for normality testing of the PVDF datasets is shown in 
Table 6.13. The values show that both PVDF datasets satisfy normal distribution (95% CI) 
as does the cyanoacrylate dataset for 2000 µɛ cyanoacrylate. The Anderson-Darling 
statistics could not be calculated for 3000 µɛ cyanoacrylate because of insufficient sample 
numbers.  
Table 6.13. Round 4, Anderson-Darling statistics 
Test strain 
range (µɛ) 
PVDF Cyanoacrylate 
AD p-value AD p-value 
2000 0.258 0.492 0.250 0.227 
3000 0.299 0.279 - - 
 
Statistical analysis for the 2000 µɛ datasets shows that there is significant difference (95% 
CI) between the bonding systems and no significant difference between the samples.  
Individual transducer %RMSD results are shown in Figure 6.153 and Figure 6.154. These 
figures show that the intact PVDF welded PZT discs have lower %RMSD values than 
cyanoacrylate bonded PZT discs for the 2000 µɛ and 3000 µɛ datasets.  
Note that for Figure 6.154 the cyanoacrylate bonded transducer value shown for 3000 µɛ 
is for a single remaining relatively intact PZT (CFRP 10, PZT ID 47). 
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Figure 6.153. Round 4, 2000 µɛ, Individual PZT discs results 
 
 
Figure 6.154. Round 4, 3000 µɛ, Individual PZT discs results 
 
Subsection summary 
The Anderson-Darling statistics were not able to be calculated for the 3000 µɛ 
cyanoacrylate dataset. The other 3 datasets fitted normal distributions. Statistical analysis 
showed that there is a significant difference (95% CI) between the bonding systems for the 
2000 µɛ dataset. There was no significant difference between the samples. No statistical 
analysis could be conducted for the 3000 µɛ dataset. 
The results from fatigue round 4 experiments indicate that the transducers bonded with 
PVDF have a lower %RMSD value compared to those which were cyanoacrylate bonded.  
6.4.2.6 Output voltage bond thickness correlation 
A general regression analysis showed no correlation between average voltage maxima or 
minima output and bondline thickness for the 1000 µɛ datasets for either round of 
experiments.  
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6.4.2.7 Examination of admittance slope  
The gradient of the slope of the imaginary admittance from 10 kHz to 50 kHz was 
calculated using a basic linear fit model implemented in MatLab for each samples 
unclamped pre-test and unclamped post-test impedance signatures.  
This data was analysed to determine if there were trends in the change of gradient with 
accumulation of cycles or the occurrence of a specific event as indicated by the real time 
voltage data. From examination of the data no correlation between gradient change and 
sample response could be established. 
6.5 Discussion of transducer PVDF welding 
The process of attaching a transducer to a substrate has three process stages: 
1. Preparation of a suitable substrate surface. 
2. Production of PVDF surface coating on the transducer bond interface. 
3. Performing the welding operation. 
As mentioned in the introduction the process of attaching transducers by welding with 
PVDF can be applied to specially prepared CFRP or metal surfaces. In the case of CFRP 
the surface is prepared by co-curing a surface layer of PVDF with the CFRP this process 
is as discovered by Beehag et al. (2012). Creating a surface coating on metals is simple 
the ADX compounds are marketed for the purpose of providing an abrasive resistant, 
durable, chemical and weather resistant coating to metals. The coating process is 
achieved by co-extrusion, powder coating (electrostatic, fluidised bed dip coating, hot 
flocking), or solvent coating (used during this project). 
For CFRP the thickness of the PVDF surface layer is controlled by the thickness of the film 
applied at the layup stage of fabrication. The thickness of the surface layer on metals is 
adjusted by changing fluidised bed parameters or the number of applied coatings. Typical 
layers thicknesses quoted by the manufacturer of ADX range from 80 µm (electrostatic 
application technique)  through to 1 mm (hot flocking) ((Arkema, 2008a), p6). For either 
type of substrate the prime requirement for the surface layer is that it is uniform, smooth, 
with a profile that is suited to the transducer shape, for example a flat surface to match the 
flat surface of a piezoceramic disc transducer. 
By comparison the production of a PVDF surface layer on the transducer using the NMP 
solvent coating is a more involved process. Whilst proven successful it does have two 
aspects that can be improved, the first is that the solvent coating process is more 
complicated than alternate methods requiring; a solvent to prepare the Kynar ADX dope, 
dope application, solvent drying and bond activation. The second is that whilst complete 
coverage of the surface is achieved, within the drying and surface activation processes the 
transducer surface coating attains a slightly concave profile (Figure 5.4). This has the 
potential to trap air in the bondline if welding does not occur under vacuum conditions.  
A simpler alternative application method is to apply ADX PVDF to the surface of the 
transducer using an electrostatic powder coating process. This eliminates the need to use 
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solvent and to use the dope application and drying processes. Electrostatic application 
produces very thin surface layers of ADX PVDF which would produce a flatter surface 
profile than the solvent coating method does.   
The welding operation as applied for the production of fatigue test samples exposes the 
adherends to heating in order to raise the interface PVDF layers to melting temperature. 
The welding process in its present form provides limited control of the bond layer thickness 
produced. Heating the whole substrate as used during this project would typically restrict 
the welding operation to the manufacturing stage of the structure. The final weld thickness 
achieved is a combination of the starting film thicknesses, the welding temperatures, the 
applied pressure, and the duration of the welding process. The welding process used in 
this project relied upon the vacuum bag membrane to apply pressure to the transducer 
whilst it and the substrate were heated to the melting point of the PVDF. The bondline 
thickness was controlled by adding extra layers of PVDF film in the form of discs to the 
weld site and by limiting the time at melt temperature.  
By controlling the time at melt temperature the period over which molten PVDF contained 
between the substrate and the transducer can be exuded out into the perimeter fillet is 
controlled and by default so is the produced bond thickness. The squeeze flow 
phenomenon creates difficulty in controlling the weld bond thickness in situations where for 
example it is desired to co-cure CFRP, PVDF and transducer together. Where because of 
the requirement to maintain a specific CFRP cure regime it is not possible to limit the time 
period that the PVDF is molten for. For this type of co-cure case the thermoplastic bond 
between the transducer and structure would be formed successfully but its thickness 
would be minimal with the added risk of electrical contact being formed between the 
underlying CFRP and the lowermost transducer electrode surface.  
However a possible exception to this case exists if there is no applied pressure on the 
transducer during the co-cure process. For example this would be possible if the 
transducer was placed within a cutaway inside a CFRP-honeycomb structure. In this 
scenario with an appropriate initial PVDF layer thickness selection it could be possible to 
control the thickness of the final welded bond.   
The attachment of transducers to an existing structure fabricated with a PVDF surface 
layer is quick and simple. In the locations where welding is planned; hot air gun, infra-red 
lamp, resistive element heating, vibration bonding or ultrasonic welding are some of the 
methods which can be used to heat the weld site and transducer surfaces. These methods 
are portable and localise adherend heat exposure, in particular ultrasonic welding restricts 
heating to the weld interfaces.  
The welding process used during this project produced bonded transducers that were 
consistent with uniform bond thickness using heat and a vacuum bag. Adhesive bonding 
required a more complicated process using jigs to achieve a similar level of consistency 
and control of thickness. This demonstrates an advantage that welding has over adhesive 
bonding.    
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6.6 Chapter Summary 
Based upon the FEA mesh density studies two elements through the thickness of the 
silver electrode layers were chosen to be used for 2D and 3D modelling, 3D half and full 
models showed negligible difference between the predicted results. The study of 
transducer standard and wraparound silver electrode types showed that electrode type 
and the orientation of the wraparound electrode to the applied substrate displacement 
direction produced minimal change in stress within the overall piezoceramic element. The 
electrode type did locally influence stress in the vicinity of the side electrode strip and the 
top surface electrode layer. FEA simulation data shows the choice of electrical connection 
method can produce non localised effects, the copper foil electrical connection layer 
affected stress distribution throughout the thickness of the piezoceramic element. The 
conductive ink with conductive epoxy material properties produced the least effect on 
stress magnitude and stress distribution patterns in the piezoceramic layer.  
3D modelling of a single bonded transducer using one type of bond material showed the 
largest Y direction, Z direction and Y-Z shear stresses are developed near the perimeter of 
the transducer. Comparison of Y and Z direction strain shows that the levels of strain 
developed by a 160 µm thick bond on a substrate loaded to 3000 µɛ is slightly less than 
that produced by a 100 µm thick bond on a substrate loaded to 2000 µɛ and less than that 
produced by a 100 µm thick bond on a substrate loaded to 3000 µɛ. Y-Z shear strain 
increases in the following order 100 µm bond at 2000 µɛ then a 160 µm bond at 3000 µɛ 
with the  a 100 µm bond at 3000 µɛ producing the largest shear strain. 
2D model results and 3D half model results showed that the values cannot be directly 
compared, though in general the trends in strain and stress are similar across the 
diameters of the transducer. 2D model results can be used to assist understanding of the 
behaviour of the fatigue test specimens. 2D modelling shows that there is minimal 
difference in the effect of the fillet shapes at the bond layer silver electrode interface it is 
the bond layer material properties that have a larger influence on stress distribution. The 
similarity of the material properties between Cyanaocrylate2 and PVDF give model 
predictions that fit with the distribution of PZT fractures by experiment. The models do not 
however give a clear indication of the cause of the differences between the fracture rate of 
cyanoacrylate and PVDF bonded transducers for the round 4 fatigue experiment 3000 µɛ 
cycling tests. 
Preliminary experiments showed that the measurement of transducer impedance varies 
and this can be up to 4.1 %RMSD even though no change has occurred to the transducer. 
The transducer bonding preparation process is shown to create large changes in %RMSD 
values highlighting the necessity to process all transducers similarly with respect to 
surface preparation technique and thermal exposure to reduce variation in measured 
transducer response to experiment test parameters. 
The 1000 µɛ cycling fatigue test data for round 3 and round 4 shows that the PVDF 
bonded transducers produce a lower maximum amplitude voltage output compared to 
cyanoacrylate bonded transducers. Over the 50,000 cycles there is no significant 
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difference between each transducers start and end voltage. At 2000 µɛ there is an initial 
period where transducer voltage output slowly declines before it stabilises. At 3000 µɛ the 
initial voltage output decrease is more rapid, transducer fracture produces an almost 
instantaneous decrease in output. 
Disc fracture is most common for cyanoacrylate bonded transducers in round 4 testing for 
the 3000 µɛ treatment. The round 3 3000 µɛ tests produce a lower number of fractures but 
slightly more than the round 4 2000 µɛ tests. This trend is indicated by FEA which shows 
that for a single material type the round 3 3000 µɛ tests and the round 4 2000 µɛ tests 
develop similar levels of stress.  
The %RMSD data shows that minimal change occurs within the 1000 µɛ tests for either 
round 3 or round 4 specimens. Some difference are observed between the start and the 
end real admittance signals which could indicate slight change to the system damping but 
could equally be indicative of variations inherent in the measuring system. At 2000 µɛ the 
data shows there are changes in damping and stiffness. Fracture of one of the transducers 
on a CFRP sample produces a simultaneous change in the impedance signal of both 
transducers. Where this occurred for the round 4 2000 µɛ test the undamaged sensor real 
admittance signal showed an obvious decrease in damping and the fractured transducer 
showed a decrease in stiffness.  
For round 3 testing the %RMSD of substrate mounted transducers shows that provided 
the transducer does not fracture then the change in impedance between the start and end 
of testing for the 2000 µɛ tests are similar to that of the 1000 µɛ samples, round 4 testing 
exhibits a similar trend. In general no significant difference in %RMSD is observed 
between the two different bonding systems for these two strain ranges. No significant 
difference is noted between the bond types for round 3 at 3000 µɛ.  
The %RMSD values for the 3000 µɛ treatment in round 4 shows the two bonding systems 
to be significantly different. All cyanoacrylate bonded transducers in this treatment 
fractured compared to 40% of the PVDF bonded transducers. Post-test assessment of the 
debonded intact transducers shows that the PVDF bonded transducers in general have a 
lower %RMSD value. 
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Chapter 7  
Conclusions and Recommendations 
 
7.1 Introduction 
This project investigated and developed a novel method of attaching piezoceramic 
transducers to specially prepared thermoset composite surfaces using thermoplastic 
layers as a bonding media.  
The fundamental proposal suggested that this could provide improved protection of 
surface mounted transducers from the damaging effects of high strain structural loading.  It 
was hypothesized that thermoplastic welded transducers would have comparable 
performance to adhesively bonded piezoceramics. 
To investigate this hypothesis the following activities were undertaken:   
1) Finite element analysis. 
2) Apparatus development. 
3) Material testing. 
4) Process development. 
5) Sample fabrication. 
6) Fatigue testing. 
7.2 Conclusions 
The finite element analysis of transducer-bondline-structure models showed that the bond 
layer fillet shape produced a noticeable but negligible effect on the transducers overall 
shear stress levels. The studies identified that the strain transfer from the structure to the 
piezoceramic element is significantly reduced if either bond layer thickness is increased or 
if the bond layer Young’s modulus is decreased. The simulations indicated that within each 
material layer shear strain changes gradually and the rate of change is different for each 
material. At dissimilar material interface boundaries shear strain has a shared common 
value but the change gradient differences within each material mean the interface is a 
likely location for transducer failure. 
Specimen preparation and assembly jigs developed were important for the precise 
assembly of static and fatigue test specimens. The jigs enabled the production of quality 
test specimens with low variability of bondline thickness. This is evident in the small 
ranges obtained for static adhesive tensile strength data and in the low standard deviation 
values of bondline thickness for fatigue test specimens.    
The vacuum adhesive mixing system developed was used to successfully mix the two 
component epoxy adhesive Hysol EA9390. The system filled dispensing syringes with air 
bubble free adhesive which is important when gluing thin bondlines. The device extends 
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the range of possible adhesives that can be used to construct thin high quality bondlines 
for static material tests or for the fabrication of fatigue test specimens.  
The development of the automated data logging system allowed transducer voltage output 
and impedance spectra information to be recorded automatically for each 50,000 cycle 
fatigue test. Voltage output signal was recorded at intervals of 20 cycles and impedance 
spectra at intervals of 1,000 cycles. The ADLS software managed transducer signal 
routing between measuring instruments and synchronised the recording of signals which 
then were able to be processed post-test. The system also allowed real time viewing of 
signal information. 
Adhesive tensile strength testing generated previously unavailable failure strength data for 
copper bonded with cyanoacrylate for different bond line thicknesses and surface 
roughness.   
The process methodology evaluation established the effects of sample preparation on 
transducer impedance spectra. This showed that the transducer preparation process 
needed to be consistently applied to all transducers regardless of which bonding system 
was used. This assessment and the close monitoring of sample production stages 
produced quality samples for subsequent testing. 
Development of the PVDF welding process provided samples for fatigue testing and 
demonstrated the feasibility of the novel use of thermoplastic welding to create a new 
method of bonding piezoceramic transducers to structures.   
Fatigue testing produced comparative data of the relative performance of the thermoplastic 
bonding method and a conventional adhesive bonding method. At 1000 µɛ no degradation 
of transducer performance occurred for either bond material or bond thickness. At 2000 µɛ 
small numbers of transducers fractured for each bond type, those that did not fracture 
showed low levels of degradation in voltage output in the early stages of cycling which 
decreased as testing continued until a steady state output was achieved. At 3000 µɛ larger 
numbers of cyanoacrylate bonded transducers fractured than did PVDF welded 
transducers. These results show that PVDF welding of piezoceramic transducers is 
achievable producing performance comparable to adhesive bonding at 1000 µɛ and 2000 
µɛ. The PVDF film does provide improved protection of piezoceramic transducers at 3000 
µɛ compared to cyanoacrylate adhesive.  
It is not possible to provide a quantitative assessment of the effect of the welded PVDF 
bond layer upon the damage detection sensitivity of a transducer this requires an acoustic 
transduction study. PVDF welded transducers did produce lower voltage outputs 
compared to cyanoacrylate bonded transducers during the fatigue experiments. Based 
upon this observation it could be assumed that the damage detection sensitivity is reduced 
in the PVDF welded transducers. However the relationship between bond characteristics 
and damage detection sensitivity is not that simple. The effect of bond properties on 
damage detection is frequency dependent this can produce either enhancement or 
degradation of transducer responsiveness at different excitation frequencies. Whether a 
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transducer is bonded by welding or gluing makes no difference to the damage detection 
sensitivity. It is the quality of the bond, the bond material properties and the bond thickness 
which are important.  
This result has established the feasibility of this new bonding process. Apart from 
improving the durability of the transducer, the technique has the additional advantage of 
using thermoplastic welding as an effective and reliable method to attach the transducers. 
Together with the superior environmental characteristics of PVDF and the efficient and 
reversible thermoplastic welding process this project makes a significant contribution to 
advancing SHM methods and bringing the technique closer to practical applications. 
7.3 Further work recommendations 
Suggested future activities: 
 Extend the model 3 finite element analysis simulations to study the effects of non-
symmetric transducer configurations.  
 Include acoustic transduction assessment into the fatigue testing evaluation 
process. 
 Increase the number of transducers able to be simultaneously monitored by 
expanding the automated data logging system. 
 Use the static specimen preparation process to manufacture specimens for torsion 
shear strength testing. 
 Extend the comparison of thermoplastic bonding to other adhesives and extend the 
application of ADX based thermoplastic welding concept to metal structures and 
extend the thermoplastic welding process of transducers to other plastics.  
Additionally these specific points should be further investigated to improve the processes 
already developed in this thesis:  
 Isolate the cause of the coupling of voltage signals observed between the fatigue 
test transducers. 
 Determine the length of time that vacuum premixed uncured epoxy adhesive can be 
stored under cold conditions before significant loss of performance occurs.  
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Appendices 
 
A.1 Ultrasonic cleaning 
Unless otherwise specified adherends and PZT transducers used during preliminary 
and primary tests were cleaned by immersion in acetone at room temperature in a 
glass beaker sitting in water in an ultrasonic cleaner. A washing period of 4 minutes 
used for adherends and 2 minutes for transducers.  
Cleaned components were removed and placed on lint free cloth and allowed to air 
dry for a minimum period of 20 minutes (ASTMD2093-03 (2007), p143) before 
further processing. The subsequent handling of cleaned components is performed to 
avoid contamination of the critical surfaces. For PZT discs handling is achieved by 
primarily using forceps and occasionally nitrile gloved hands. 
A.2 Surface texture measurements 
Adherend surface texture measurements  
Two groups of surface texture measurements were made during this work. The first 
to assess the surface texture created on the static test copper adherends by each 
grade of abrasive paper. The second was to assess the uniformity of the grinding 
process developed to prepare adherends for bonding.  
The effect of abrasive paper  
The surface texture produced by each grade of abrasive carborundum paper on the 
copper adherend bonding surfaces was assessed using a Taylor-Hobson Surtronic 
3+ surface texture measuring device. 
Samples were prepared by grinding the adherend surface in a straight line in one 
direction only. The grinding direction formed the ‘parallel’ measurement direction. 
Five specimens were processed with new abrasive paper and cleaned by ultrasonic 
washing in acetone. The specimens were let air dry before testing.  
A total of 10 measurements were made at different locations for each specimen. Five 
measurements were taken parallel with the grinding direction and 5 were taken 
perpendicular to the grinding direction. An evaluation length of 4 mm and a sampling 
length of 0.8 mm were used for each measurement location. The average of these 
10 measurements is presented as the arithmetic mean of the departures of the 
profile from the mean line (Ra) value. The results are shown in Figure 3.18.  
Uniformity of sample preparation 
The surface uniformity was assessed using an evaluation length of 2.50 mm and a 
sampling length of 0.25 mm for a set of 24 adherends which had been ground using 
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P600 grade carborundum abrasive paper and ultrasonically cleaned. The orientation 
of the measurements on the surface of the adherend was chosen at random. 
A.3 Surface contact angle measurement 
To assess the effectiveness of sample surface preparation procedures wetting 
contact angle was measured using the process outlined by Thang and Liew (2012). 
Three working fluids were used, deionised water, DMSO and cyanoacrylate (Loctite 
superglue precision liquid). The surfaces assessed were of a CFRP test coupon 
(carbon fibre surface only), static test specimen copper adherend and Pz27 PZT disc 
silver electrode. Each surface was prepared as per the sample surface procedures 
used for the production of fatigue test specimens.  
A droplet volume of 3 µL of each fluid was used and was applied with a Gilson® 
Microman precision micropipette. Accuracy of droplet dispensing was measured 
using an Ohaus scale. The average dispensed drop mass (+/- 0.1mg) from 10 drops 
of each fluid are shown in Table A.3.1.  
Table A.3.1. Average droplet mass 
Working fluid Mean drop mass (mg) Standard Deviation (mg) 
Deionised water 2.97 0.11 
DSMO 3.29 0.17 
Cyanoacrylate 2.98 0.25 
 
 
To measure the surface contact angle, for each surface and fluid combination 10 
drop images were captured using a Firefly® GT800 USB microscope and mirror 
system. These were analysed using the image import and sketch feature in the 
SolidWorks® computer aided design (CAD) package. The results are shown in 
Figure 3.13.   
A.4 Adhesive vacuum mixer 
For bonded static test specimens it was desirable to have as uniform an adhesive 
bondline as possible. The entrapment of air bubbles in Hysol® EA9390 epoxy during 
mixing was unavoidable. Careful mixing processes can limit the amount of gas that is 
initially trapped in the mixture, whilst a degassing vacuum chamber can reduce the 
amount of already trapped gas. The effectiveness of a vacuum chamber is reduced 
when the fluid being degassed has a high viscosity or a short pot life. 
To eliminate the possibility of air bubbles influencing results a prototype adhesive 
vacuum mixer (Figure A.4.7.1) was produced. The device mixes the two parts of the 
adhesive in vacuum and then transfers the mixture to 1 mL syringes for storage. The 
mix then can be conveniently dispensed for use. This device was used successfully 
to mix the two components of the epoxy adhesive Hysol® EA9390.  
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The device is not suitable for mixing adhesives with a short pot life. The process of 
adhesive mixing and syringe filling requires 5 minutes to 10 minutes of time. The 
device must then be decontaminated (this takes between 20 minutes to 30 minutes). 
This must be completed before the adhesive gels.  
This document section lists the components and describes the assembly, operation, 
and decontamination of the device. The apparatus is a prototype additional 
information is listed at the end of this section that highlights refinements which can 
be made to the device to improve its function. 
It is assumed that all of the components including the O-rings are clean prior to the 
commencement of device assembly. 
 
Figure A.4.7.1. Adhesive vacuum mixer 
 
Assembly Process 
The mixer can be assembled in either of two configurations. Configuration 1 uses 
separate chambers in which syringes filled with the required quantities of each part 
of a two part epoxy are contained. These chambers are used to evacuate air from 
each component before the fluids are sent through to the mixing chamber. This 
configuration was not used during this project and therefore it will not be discussed 
further. 
Configuration 2 does not use these separate component reservoirs. Instead the 
epoxy components are weighed and added directly to the mixing chamber which is 
then sealed and evacuated of air before mixing commences. The assembly 
instructions and use directions that follow are related to this configuration. 
The assembly of the device is divided into four subsystems which eventually form 
the working device. These subsystems are: 
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1. Syringe hub (Figure A.4.7.9). 
2. Mixing chamber body (Figure A.4.7.14). 
3. Mixing chamber piston (Figure A.4.7.17). 
4. Valves (Figure A.4.7.19).  
The assembly of each of these will be described in the following sections before 
assembly and use of the device is covered in the final section. 
Syringe hub 
The syringe hub components and names are shown in Figure A.4.7.2. The syringe 
chamber (Figure A.4.7.5) holds a modified 1 mL Terumo® syringe (Model number 
SS+01NA) (Figure A.4.7.3). The chambers purpose is to hold and seal the syringe to 
the mixing system so that air can be evacuated from the syringe and the syringe 
filled with mixed epoxy adhesive. The syringe then allows for convenient storage and 
dispensing of the adhesive. 
 
To fit the 1 mL syringe inside the syringe chamber the barrel flange on the standard 
syringe is machined in a lathe to a diameter of 9.5 mm +/- 0.2 mm. Unmodified and 
the modified machined syringes are shown in Figure A.4.7.3 and Figure A.4.7.4.  
 
Figure A.4.7.2. Syringe hub components 
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Figure A.4.7.3. Standard and modified Terumo® 
syringes 
 
Figure A.4.7.4. Modified syringe with O-rings 
 
Prior to assembly the syringe is separated into its components (Figure A.4.7.3) and 
the barrel and the piston are decontaminated in acetone and dried. The plunger is 
stored for use later to disperse the adhesive from the syringe. It is important to note 
that the acetone will dissolve the syringe plunger and will cause the syringe piston to 
swell. The swelling of the piston is reversible by allowing sufficient time for the piston 
to dry. The length of time depends upon the severity of the swelling. Therefore the 
immersion time used to clean the piston should be as brief as possible. O-rings 
exposed to acetone will also swell and should be treated as for the syringe pistons   
Once dry the piston is inserted back into the barrel and left near the barrel flange 
(Figure A.4.7.4). Two O-rings are now added to the syringe. A 6.35 mm ID x 1.75 
mm thick O-ring is slid over the barrel and positioned near the barrel flange and the 
second O-ring (3 mm ID x 1.5 mm thick) is slid onto the syringe tip (Figure A.4.7.4). 
This assembly process is repeated for six syringes. 
The components for the syringe chamber are shown in Figure A.4.7.2 and Figure 
A.4.7.5. The assembly of the syringe hub (Figure A.4.7.7) commences with the 
threaded section of the hub tip being wrapped 1½ to 2 times with 
Polytetrafluoroethylene (PTFE) sealing tape (75 µm thick x 12 mm wide). It is 
important to ensure that the tape does not cover the orifice or the chamfered area 
(Figure A.4.7.6). 
Syringe piston  
Syringe piston  
Modified barrel flange  
Syringe plunger 
Unmodified Terumo syringe  Syringe tip  
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Figure A.4.7.5. Syringe chamber components 
 
Figure A.4.7.6. Syringe chamber hub tip 
 
The hub tips and hub caps are then screwed into the hub until tight and an airtight 
seal is formed. Next the ¼ inch and 1/8 inch tube to 1/8 BSPT male compression 
fittings (Figure A.4.7.8) are attached to the hub and tightened. 
 
Figure A.4.7.7. Assembled syringe hub 
 
Figure A.4.7.8. Compression fittings 
 
The syringe chamber (Figure A.4.7.2) has a two external threaded sections one 
longer than the other (Figure A.4.7.5). The shorter threaded end is screwed into the 
hub cap until it is tight. The syringe, piston, O-ring assembly is then inserted to full 
depth (Figure A.4.7.9). The piston cap is then screwed onto the syringe chamber 
until contact is made with the syringe flange. It is then tightened another 3/4 to 1½ 
turns. This seats the syringe and the O-rings, sealing the system. The process is 
repeated until all syringes are attached which completes the assembly of the syringe 
hub.  
1/4 tube to 1/8 BSPT 
compression fitting 
Teflon tape  
1/8 tube to 1/8 BSPT 
compression fitting 
Teflon tape  
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Figure A.4.7.9. Syringe hub assembly 
 
Figure A.4.7.10. Mixing chamber components 
 
Mixing chamber body 
The mixing chamber components are shown in Figure A.4.7.10 and Figure A.4.7.11.  
 
Figure A.4.7.11. Mixing chamber components 
 
Two O-rings are used in the assembly of the mixing chamber cap. The first O-ring (5 
mm ID x 2 mm thick) is put into the mixing chamber cap (Figure A.4.7.12) and the 
mixing shaft collar screwed in until it contacts the O-ring, it is then backed off 3/4 of a 
turn (Figure A.4.7.13). This is to allow the insertion of the mixing shaft at a later 
stage of assembly. 
O-ring (22 mm ID x 3.5 mm thick) is put onto the mixing chamber cap and the cap 
then pushed into the mixing chamber and locked in placed with the threaded collar. 
The relative position of the components is shown in Figure A.4.7.11and Figure 
A.4.7.14. 
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Figure A.4.7.12. Mixing chamber cap O-ring 
placement 
 
Figure A.4.7.13. Assembled mixing chamber cap 
 
Mixing chamber piston 
The piston assembly begins with two (22 mm ID x 3.5 mm thick) O-rings being put 
onto the piston body (Figure A.4.7.11). Next an O-ring (5 mm ID x 2 mm thick) is 
placed inside the piston (Figure A.4.7.15) and the plunger shaft (Figure A.4.7.16) 
screwed into place until it contacts the O-ring. It is then backed off 1/2 of a turn to 
allow the insertion of the mixing shaft at a later stage of assembly.  
 
Figure A.4.7.14. Assembled mixing chamber 
 
Figure A.4.7.15. Piston O-ring placement 
 
The threaded collar is slid over the plunger shaft and the plunger flanges are 
screwed on, the flange with the recessed side being closest to the piston (Figure 
A.4.7.16). The final assembly is shown in Figure A.4.7.17. 
O-ring  
Mixing shaft 
collar  
Mixing 
chamber cap  
Exit tube  
O-ring  Piston  
Unused chamber 
filling tubes 
openings  
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Figure A.4.7.16. Plunger components 
 
Figure A.4.7.17. Assembled mixing chamber 
plunger 
 
Valves 
The valve system (Figure A.4.7.18 and Figure A.4.7.19) is used to isolate the mixing 
apparatus from the vacuum source and to allow the system to be equalised with 
atmosphere, PTFE tape is used to seal the threads on the fittings. 
 
 
Figure A.4.7.18. Valve assembly components 
 
 
Recessed 
plunger flange  
Plunger shaft  
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Figure A.4.7.19. Valve assembly 
 
Final Assembly 
The device is assembled by securing the mixing chamber in a beaker holder at an 
inclination. The valves are secured in a second beaker clamp and one end of the ¼ 
inch tubing is attached to valve 1 (Figure A.4.7.19). The opposite end of the ¼ inch 
tube is attached to the syringe assembly hub which is then screwed onto the mixing 
chamber exit tube (Figure A.4.7.13). The vacuum line is then attached to the Airtech 
connector (Figure A.4.7.18). 
Device operation 
The mixing shaft is inserted into the mixing chamber. A small quantity of one of the 
adhesive’s components can be applied to the shaft to act as a lubricant between it 
and the O-ring shaft seals. Valve 1 is closed to isolate the chamber from the vacuum 
source and valve 2 is left open to vent to atmosphere.  
 
Figure A.4.7.20. Mixer assembled ready for filling 
 
Valve 1  
Valve 2  
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The required quantities of the adhesive components are introduced into the mixing 
chamber. This is performed in a manner which avoids these substances from 
blocking the exit tube opening (Figure A.4.7.21). The chamber is sealed, the plunger 
locked into position using the recessed plunger flange (Figure A.4.7.16) so that the 
piston O-ring seal is positioned to cover the inside opening of the two unused 
chamber filling tubes (Figure A.4.7.14), (Figure A.4.7.23) and the whole system is 
evacuated by opening valve 1 and closing valve 2. At this point the pistons which 
were visible at the ends of the syringe holders (Figure A.4.7.22) will no longer be 
visible having been sucked down to the syringe tip. 
 
Figure A.4.7.21. Mixing chamber exit tube 
 
Figure A.4.7.22. Piston positioned at end of syringe 
chamber 
 
The mixing motor (Jaycar model YG2738) is coupled to the shaft with a rigid 
connector. When powered, the shaft rotates at 55 revolutions per minute (rpm) whilst 
this is occurring the shaft is moved axially throughout the length of the mixing 
chamber. After a predetermined period of mixing time (determined by trial) the motor 
is stopped and removed.  
The apparatus is then isolated from the vacuum source by closing valve 1. The 
adhesive transfer is started by releasing the plunger by unscrewing the flange 
nearest to the chamber. The plunger will stop moving when it fully contacts the 
adhesive. To continue the adhesive transfer process the plunger is pressed in. When 
adhesive appears inside of the ¼ inch tube above the hub the tube is clamped shut 
(Figure A.4.7.24). 
The plunger is pressed further until all the syringe pistons are visible through the 
hole in the piston caps of the syringe holders (Figure A.4.7.22). Once this is 
complete the syringe chambers and syringes are removed and stored whilst the 
device is disassembled so that the components can be wiped down with disposable 
paper towel and decontaminated before the adhesive gels. 
 
Exit tube 
opening  Piston  
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Figure A.4.7.23. Plunger locked in mixing position 
 
Figure A.4.7.24. Clamped and syringes filled 
 
Device decontamination 
There are two methods by which the decontamination process can be performed. 
1) Immediate decontamination 
The device is completely disassembled, beginning with the critical major components 
the mixing chamber and tubes. These are wiped with disposable paper towel to 
remove the majority of the mixed adhesive. The parts are then rinsed and flushed 
before being thoroughly washed with solvent. The minor components are wiped of 
excess adhesive, flushed with solvent and then either thoroughly cleaned 
immediately or immersed and soaked in solvent and cleaned at a later time.    
2) Delayed decontamination  
The whole device can be placed in a sealable plastic container and cooled to extend 
the period of time before the adhesive mix gels. The apparatus can then be 
disassembled and cleaned at a later time. This method is not considered ideal 
because of the risk of adhesive cure occurring at unforeseen rates, or the problems 
associated with disassembling components held together by cooled and highly 
viscous adhesive. If this process is to be used it is highly recommended to 
completely disassemble the device and store parts in separate plastic containers. 
Future device modifications 
1. It is recommended that the clearances between the mixing chamber and the 
O-ring seals on the piston be adjusted to improve plunger operation. 
2. To assist with transfer of adhesive from the chamber to the syringes the 
addition of a device to increase mechanical leverage for depressing the 
mixing chamber plunger whilst also securing the mixing chamber.   
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A.5 Automated Data Logging System (ADLS) 
 
Introduction 
The automated data logging system (Figure A.5.7.25) was designed and built for the 
purpose of aiding the data capture process during fatigue testing of PZT transducer 
assemblies mounted on CFRP-PVDF test specimens. The system allows data to be 
automatically recorded at predefined intervals using a four channel oscilloscope and 
a single channel impedance analyser. Because of the large amount of time required 
to test each sample and the need to obtain regular impedance measurements it was 
necessary to automate as much of the testing process as possible. 
 
The primary purpose of the ADLS is to gather transducer data (voltage and 
impedance) and prevent the transducer signals being routed to the impedance 
analyser during load cycling of the test sample by the Instron machine. The ADLS 
uses a combination of input signals from an Instron servo hydraulic tensile test 
machine controller and the PZT transducers to manage the routing of the signals 
from two transducers between the oscilloscope and the impedance analyser (Figure 
A.5.7.26). 
 
 
Figure A.5.7.25. ADLS setup 
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System components 
The system hardware components used to construct the ADLS are: 
 National Instruments (NI) cDAQ-9174 chassis. 
 NI 9472 8 channel 24V sourcing digital output module. 
 NI 9217 24 bit RTD analog output module. 
 SinePhase Impedance Analyser 16777k. 
 Tektronix TDS2024B digital storage oscilloscope. 
 Manson DPD-3030 dual tracking power supply. 
 Personal computer (PC) with Windows 7 64 bit operating system, 
LabView 2011 (32 bit) and NI LabView Signal Express Tektronix 
Edition.  
 Custom relay printed circuit board (PCB) (Figure 5.3). 
 Instron model 1342 servo hydraulic testing machine with WaveMatrix 
version 1.5.307.0 software.  
The component wiring diagram is shown by Figure A.5.7.27. Details of wiring 
connection terminals are listed in Table A.5.2. PCB terminal identification is shown in 
Figure A.5.7.28 and Figure A.5.7.29. 
 
Figure A.5.7.26. ADLS overview schematic 
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Figure A.5.7.27. ADLS component wiring diagram 
 
 
 
Table A.5.2. Relay board wiring connection 
Terminal Number Description 
1 PZT transducer 1 positive terminal 
2 PZT transducer 1 negative terminal 
3 Relay 1 positive  
4 Relay 2 positive 
5 PZT transducer  2 negative terminal 
6 PZT transducer  2 positive terminal 
7 Oscilloscope channel 1 ground 
8 Oscilloscope channel 1 probe 
9 Oscilloscope channel 2 probe 
10 Oscilloscope channel 2 ground 
11 Common relay negative 
12 Relay 3 positive 
13 Impedance analyser BNC connector 
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System  
The Instron servo hydraulic tensile test machine uses WaveMatrix® software (Figure 
A.5.7.31) operating on a desktop personal computer (PC) to prepare and execute a 
test program. This PC communicates with a dedicated Instron control computer 
which then instructs the servo hydraulic testing machine. The two way electronic 
communications within this system is confined to the closed loop (Figure A.5.7.26) 
between the PC, the Instron control computer and the Instron test machine.  
Limiting factors which affected the design of the ADLS system were:  
1. The inability to establish two way communications between the Instron control 
system and the data logging PC running the LabView programs.  
2. The single channel impedance analyser. 
The only available electronic communication with the Instron controller is by two 
inbuilt analog output channels, A and B. The output of these channels can be 
configured individually using the WaveMatrix software interface (Figure A.5.7.30). 
For the fatigue testing experiments both signal scale and offset were designated to 
be a function of the load applied to the sample.  
 
 
Figure A.5.7.28. Relay board terminal numbers 
 
Figure A.5.7.29. Relay board terminal numbers 
7        8         9        10 
1  2  3  4  5  6 13 11 
12 
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Figure A.5.7.30. Instron Analog output channel A configuration 
 
The channel output is a function of the applied load. When the loading is constant, a 
constant voltage signal will be output on the channels. When the loading is 
sinusoidal the output signals are sinusoidal. The signals can be modified by 
changing the signal scale and offset values (Table A.5.3). The peak to peak voltage 
amplitude of the signal is altered by the scale setting and the offset value alters the 
sinusoidal signals ‘zero’ crossing voltage.   
Table A.5.3. Instron control analog channel output settings 
 
Channel A Channel B 
Strain Range (µm) Scale Offset Scale Offset 
100-1000 0.35 2 0.45 -1.5 
200-2000 0.95 2.4 0.9 -1.5 
300-3000 1.9 3 1.4 -1.5 
 
Signal scaling and offsetting is needed to keep the analog signals within defined 
voltage ranges so that they can be recognised by the LabView software as being 
above or below the required software triggering thresholds. 
Channel A is configured to provide a signal which is used to determine if the test 
machine grips are moving or if they are stationary. Channel B provides a voltage that 
is used to signal the start of the Instron PC WaveMatrix test program. It is these 
channels that signal the difference between substrate load cycling and pausing 
periods respectively. The two channels are used by the data logging system to 
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enable the data capturing software and hardware in readiness for the 
commencement of testing. 
To protect the impedance analyser circuitry it is desirable to not expose it to the high 
voltages produced by the PZT transducer discs during substrate loading. Therefore 
the PC LabView software switches the transducer signals to the impedance analyser 
only whilst the Instron testing machine is paused.  
Initial ADLS design identified that under certain conditions the transducer signal 
voltage could be routed to the impedance analyser whilst the tensile testing machine 
was dynamically loading the substrate. The conditions under which this could occur 
and the design safeguards implemented to prevent them are: 
1. Loss of power to relay board.  
a. Default no power relay setting routes transducer signals to the 
oscilloscope. 
2. Loss of electrical connection between transducers and Kynar® connection 
wires or loss of Instron analog output signals. 
a. Dependency of switching based on both transducer output and Instron 
control computer analog output signals. 
3. Mistiming of switching events. 
a. Programmable time buffers between signal triggering and relay 
switching with a pause period timer backup to allow for system timing 
variation. 
4. Software freezes. 
a. These were not able to be predicted nor counteracted. 
The WaveMatrix software program used for this project had 4 distinct segments 
(Figure A.5.7.31).  
1. Initial load ramping. 
2. Dwell period. 
3. Load cycling. 
4. Cycling pause. 
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Figure A.5.7.31. WaveMatrix program cycle interface 
 
Initial load ramping 
Load ramping (Ramp to Mean) is used to load the specimen to the average strain. 
The length of time to do this is adjustable to either speed up or slow down the 
loading rate.  
Dwell period 
The time duration of the dwell period (Step 2) is chosen to allow sufficient time for 
the logging system to recognise the status of the Instron test machine and for the 
LabView program to initiate operation of the logging system and hardware in 
preparation for commencement of specimen cycling. 
Load cycling 
Load cycling (Cyclic) is where the load parameters are set. These include load 
amplitude parameters, loading frequency, and number of cycles. 
Cycling pause 
Cycling pause (Step 4) is used to set the length of time that the machine is held in 
pause mode. This is set so that it is longer than the period of time required for 
impedance spectra measurement and relay switching operations. This means that 
pause period impedance measurements will be finished and the logging system set 
back into voltage measurement mode well before re-commencement of specimen 
load cycling.    
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A.6 Sample preparation methodology  
This section provides detail about the methodology and order in which sample 
preparation is conducted. Listed at the start of each section are the main tasks in 
order of execution for static test and fatigue test sample production. The process 
order is illustrated in Figure 3.6 and Figure 3.7 respectively. 
Where possible multiple sample preparation is conducted sequentially such that 
each stage of preparation is completed for all the specimen components before the 
next stage is commenced (i.e. all static test adherends set in clamp bodies). This 
methodology enables efficient use of processing equipment reducing the total 
preparation time. Adherends, clamp bodies, shims, and alignment and injection 
sleeves used in the preparation of static test specimens are individually numbered 
(Figure 3.23). This allows the adherends to be prepared using the same jig 
components. 
A.6.1 Static test sample preparation 
The preparation of the static test samples begins with all components having no 
contamination from adhesive or mould release agent.  
The injection sleeve, O-rings, and spacing shims are treated with mould release 
compound (Barnes® 255 or Freekote® 700NC), whilst these are drying the 
adherends are set in their clamp bodies and prepared for grinding. The adherend 
clamp body assemblies are then ground, decontaminated and dried. Once these 
processes are completed the gluing jigs are assembled, the adherends bonded and 
cured. After curing the gluing jigs are disassembled and the joined adherends are 
stored for testing. The gluing jig components are then cleaned in preparation for the 
assembly of the next batch of test samples. Static tensile test samples were 
prepared using the following steps: 
1. Equipment preparation. 
2. Adherend preparation. 
3. Gluing jig preparation. 
4. Adhesive preparation. 
5. Adhesive injection. 
6. Adhesive curing. 
7. Jig disassembly. 
8. Jig decontamination. 
9. Post-test adherend decontamination. 
Equipment preparation 
Prior to commencing adherend and gluing jig preparation operations all the 
necessary components (Figure 3.10) must be decontaminated and dry. Cleaning is 
achieved by immersing components in a beaker containing acetone and washing 
them in an ultrasonic bath followed by rinsing with clean acetone. Components are 
241 
 
inspected and if clean are then left to air dry at room temperature on clean lint free 
cloth. Note that the exposure time of the O-rings to acetone should be minimised to 
reduce the severity of swelling caused by solvent absorption. The swelling process 
reverses if O-rings are allowed to dry for a sufficiently long period of time. 
Adherend preparation 
The clamp and adherend are ground simultaneously as one unit to ensure levelness 
of the adherend surface with the clamp surface. The clamp body is held within the 
grinding stabiliser (Figure 3.8) which has a diameter that is much larger than the 
clamp body. This stabilises the clamp body during grinding maintaining its 
orthogonality to the grinding media at all times. The grinding stabiliser prevents the 
clamp body from rocking which if it occurred would produce uneven grinding of the 
clamp body destroying orthogonality and levelness. 
Adherend height setting 
It is important to correctly set the adherend in the clamp to minimise the volume of 
material that must be ground from the adherend and to produce the best possible 
axial alignment between glued adherends. To set the height of the adherend in the 
clamp body a sheet of P400 grade carborundum grinding paper was placed on top of 
a glass plate to form a flat smooth uniform surface. The adherend is inserted into the 
clamp body so that the clamp anvils contact approximately the same position on the 
adherend that it was previously clamped at. Soft adherends such as copper can be 
dented by the clamp anvils. Maintaining the same radial orientation the non-dented 
adherend surface is pressed against the inner bore of the clamp body. This 
minimises the amount of adherend to adherend axial misalignment.  
The adherend and the clamp body are placed on the abrasive paper and moderate 
pressure is applied using a finger to the top end of the adherend pressing it into the 
grinding media. The pressure is held whilst the clamping screws are tightened evenly 
and firmly. The grinding media has small amount of compliance which allows the 
adherend grinding surface to protrude slightly proud of the clamp body grinding 
surface. Therefore efficient removal of copper with minimal removal of clamp body 
material can be achieved. This setting process is repeated until all clamps and all 
adherends are assembled. 
Application of engineer’s layout ink  
Prior to surface grinding, a thin coating of engineer’s layout ink is applied to the 
grinding surfaces of the clamp bodies and adherends using a cotton bud (Figure 
A.6.7.32). 
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Figure A.6.7.32. Adherend clamp assemblies with layout ink 
 
Adherend grinding 
Two A4 sheets of carborundum abrasive paper are placed on glass plates which 
provide uniform wear resistant flat surfaces (Figure 3.14). In a stepwise grinding 
process, sheet 1, plate 1 is used to perform an initial surface grind before the clamp 
assembly is subjected to a final grind using sheet 2, plate 2. The two stage process 
of grinding is necessary because the grinding stabiliser wear plate (Figure 3.8) 
contributes to wear of the grinding media. To minimise the cumulative effect this has 
on the surface texture of subsequently ground adherends the ‘figure 8’ grinding 
pattern (Figure 3.14) is restricted to approximately 1/12 of the sheet area for both the 
initial and the final grinds. 
After 12 adherend clamp assemblies have been processed sheet 1 is discarded and 
sheet 2 is moved to plate 1 to become the sheet used for initial grinding. The 
finishing grind is less wearing on the grinding media than the initial stage of grinding. 
Therefore it is possible to reuse sheet 2 for the less critical initial grinding of the 
second set of 12 adherend clamp assemblies. A new sheet of grinding media is used 
for the finishing grind on plate 2. 
Adherend decontamination 
Following grinding the clamp and adherend assemblies are pre rinsed with acetone 
using a squeeze bottle. These assemblies are then ultrasonically cleaned in acetone 
in groups of four. Upon removal from the wash the grinding surfaces are rinsed with 
clean acetone and placed on a bench on centreless washers with the ground surface 
facing upwards. The centreless washers prevent disturbance to the axial position of 
the adherend whilst inverting prevents damage to and contamination of the ground 
surface. The specimens are then left to air dry and equalise with room temperature.  
The acetone used in the ultrasonic wash is replaced after 12 adherend clamp 
assemblies have been processed. If residue tide lines or smudges appear on the 
ground washed surfaces during the drying process the acetone wash fluid is 
replaced and the sample is placed through the rinse/wash/rinse process again.  
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A strict grinding and washing order is maintained throughout all sample preparation. 
This allows comparison of data to observe if degradation of bond quality is being 
introduced by the sample processing order.  
Adherend length measurement 
Prior to assembly in the gluing jig the clamp adherend assemblies are pressed 
together in a measuring cradle (Figure A.6.7.33) and the combined length is 
measured with a micrometer (Mitutoyo 103-139, CM75). On the micrometer, on each 
anvil end a 5 mm diameter steel ball is positioned to facilitate a single point of 
contact between the micrometer and the items to be measured. 
The accuracy of this process is reliant on 3 factors: 
1) Placement of adherend-clamp assemblies in the same orientation on the 
measuring cradle each time they are measured. 
2) Maintaining the exact same location of the micrometer relative to the cradle. 
3) Applying consistent torque to the micrometer spindle using the ratchet drive. 
So that the same number of ratchet clicks were used for each measurement 
and the approach speed between the anvil end and specimen is consistent 
between measurements. 
 
 
Figure A.6.7.33. Adherend length measurement 
 
Application of mould release agent 
It is necessary to apply mould release agent to the injection sleeve O-rings, injection 
sleeve, and spacing shims (Figure 3.10 and Figure 3.22). These parts are immersed 
in release agent, agitated for 20 seconds and then removed and any excess liquid is 
shaken off. Shaking of the injection sleeve is particularly important to reduce the 
volume of liquid retained in O-ring grooves and in the injection and vent holes. The 
treated components are placed on lint free cloth (to help absorb excess fluid) and 
allowed to dry at room temperature.  
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Once dry, any remaining mould release compound is removed from the injection 
sleeve injection and vent holes using a small (1.3 mm diameter) drill bit to push 
excess release agent material out of the holes. This is necessary to reduce the 
likelihood of adherend surface contamination during assembly of the gluing 
apparatus and during glue injection. The O-ring seals are assembled into the 
injection sleeve and any large surface deposits of release agent present on the 
internal diameter of the O-ring or injection sleeve surface are lightly wiped off. 
Adherends, clamp bodies, shims, and alignment and injection sleeves are arranged 
into numbered order (Figure 3.23). 
Assembly of gluing jig components 
The relative assembly position of the gluing jig and adherends is shown in Figure 
3.10. The lower clamp body and adherend are placed on the centreless base. The 
injection sleeve is orientated in the radial position shown in Figure A.6.7.34 and 
located over the lower copper adherend. Whilst maintaining even circumferential 
clearance it is lowered until O-ring contact with adherend is felt. Light even pressure 
is then applied to the sleeve until the ground surface of the adherend is situated so 
that it covers approximately the lower 1/3 of the injection hole (Figure A.6.7.34). At 
this stage the levelness of the injection sleeve with the adherend ground surface is 
checked and adjusted if necessary. 
 
Figure A.6.7.34. Injection sleeve height setting 
 
The required spacing shims are then added and aligned. Next the clamp alignment 
sleeve is orientated and slid into position. The final assembly stage involves aligning 
the upper clamp body assembly with the lower block assembly and sliding it gently 
down until contact is felt with the O-ring. Pressure is applied to the upper clamp body 
surface only. It is pressed down until firm contact is obtained between it, the shim, 
and the lower clamp body. 
The alignment of the injection sleeve injection hole with the gap between the 
adherends is checked. If the alignment is not acceptable the position is adjusted by 
inserting a 1.3 mm diameter drill bit into the injection hole. The sleeve is adjusted by 
Injection hole 
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applying a torqueing and lifting (or lowering) action in a Z pattern until correct 
positioning is achieved. This assembly process is repeated until all specimens are 
ready for adhesive injection. 
Adhesive preparation process 
Cyanoacrylate adhesive is injected using a 1 mL Terumo syringe that has been 
decontaminated, dried and then filled with cyanoacrylate from the manufacturer 
provided dispensing container. If a two component epoxy adhesive is used then it 
should injected using a decontaminated 1 mL syringe filled with mixed adhesive 
obtained from the vacuum adhesive mixer (appendix section A.4).  
Adhesive injection 
The injection process is the same irrespective of the glue type. A disposable pipette 
tip is trimmed to fit between the syringe tip (Figure A.4.7.2) (or dispensing bottle) and 
the injection hole of the injection sleeve. It is important to form liquid tight seals at 
both ends to prevent loss of fluid during injection. Prior to injection the glue is forced 
into the pipette nozzle. Air bubbles if present in the fluid are removed before injection 
begins by tapping, inverting or ejecting them onto waste paper. 
The assembled gluing jig is carefully lifted intact from the centreless base with 
minimal relative movement of components. The whole assembly is rotated so that 
the injection hole is located underneath and the vent hole is located on top (Figure 
3.20). Pressure is held on the clamp bodies to prevent rotation relative to each other 
and to prevent axial movement under the force of the hydraulic action imparted by 
the injected glue. The adhesive pipette tip is contacted with the lower injection hole 
and glue is slowly and smoothly injected into the assembly. Injection is stopped 
when adhesive starts to exit the vent hole. 
Pressure is held on the clamp bodies and the adhesive pipette tip held in place whilst 
the whole assembly is rotated to the vertical position. The pipette tip is then 
removed. The assembly is placed back on centreless base. A spacing washer, cap, 
and then two 0.8 kg weights are placed on top (Figure 3.21). This process is 
repeated until all assemblies are glued. 
Adhesive curing 
Hysol EA9390 epoxy bonded adherends are placed in a curing oven and cured using 
the 70ºC temperature cure cycle (Figure A.7.43). Cyanoacrylate bonded adherends 
are cured at room temperature for 24 hours. The bonded adherend samples are then 
unclamped and left for a total of between 68 to 72 hours before they are tested.  
Jig disassembly 
The disassembly process is a reversal of the assembly process beginning with the 
removal of weights, cap, spacing washer, and clamp alignment sleeve. The clamp 
bodies are removed from the joined adherends by holding each clamp body in turn 
and loosening its clamp screws. This minimises stress applied to the bondline. Care 
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must be taken to ensure that the joined adherends are not dropped during this 
process. The order of clamp removal is not important but usually the upper clamp 
body is removed first, then the lower clamp body. 
There is mechanical interlocking between the glue on the adherends and the 
injection sleeve. To separate these components a polyvinyl chloride un-plasticised 
polymer (PVC-U) tube (Figure A.6.7.35) is used to support the injection sleeve and 
the adherend is tapped out using a hammer and a 10 mm diameter acrylic rod. On 
occasion when adhesive has bonded the injection sleeve to the lower clamp body, 
the joined adherends can be removed from the bonded injection sleeve and clamp 
body using this same methodology. The bonded adherends are stored horizontally 
on folded paper towel on a flat surface until required for testing. 
 
Jig decontamination 
The disassembly of components continues with the removal of the O-rings from the 
injection sleeve. These and the spacing shims are then washed in acetone using the 
ultrasonic bath. Washed parts are post wash rinsed with clean acetone and allowed 
to air dry and the O-rings are inspected for damage and replaced as needed. Clamp 
bodies if contaminated with adhesive are washed in acetone in the ultrasonic 
cleaner. If not contaminated with adhesive the grinding surface and surrounding 
areas are wiped with an acetone soaked towel to remove surface deposits of mould 
release agent before being allowed to dry. The removal of mould release compound 
from these surfaces prevents contamination of grinding media during the processing 
of future adherend specimens. 
 
 
Figure A.6.7.35. Injection sleeve removal  
PVC-U tube  
Acrylic rod  
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Testing 
Figure 3.11 shows the relative orientation of the bonded specimen in the tensile test 
machine grips. Further detail is described in Section 5.2.1. 
Post-test adherend decontamination 
Following post-test specimen analysis, the adherends are cleaned of adhesive. 
Samples bonded with cyanoacrylate are cleaned by washing in acetone. Those 
bonded with epoxy are cleaned using a combination of acetone soaking, adhesive 
scraping and grinding.  
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A.6.2 Fatigue Testing Sample Preparation 
The assembly of fatigue test specimens requires the preparation of a number of sub 
components. The steps used to achieve this are: 
1. CFRP-PVDF substrate fabrication. 
2. End tab bonding. 
3. Welding additional PVDF layers. 
4. PZT disc preparation for PVDF welding. 
5. Welding PZT discs to CFRP. 
6. PZT disc preparation for adhesive bonding. 
7. Adhesive bonding PZT discs to CFRP. 
8. Wire connections. 
9. Disassembly. 
Substrate Preparation 
The test substrate panels are fabricated as per the process described in US patent 
8,197,624 B4 (Beehag et al., 2012).  
End tab bonding 
Bonding surfaces were abraded with P320 grade carborundum abrasive paper to 
remove surface gloss (ASTMD2093-03 (2007), p143). These areas were then wiped 
until clean with lint free wipes dampened with acetone and allowed to air dry for a 
minimum of 20 minutes (ASTMD2093-03 (2007), p142-143). The tabs are then 
bonded using Cytec FM® 300K film adhesive using the manufacturer recommended 
cure cycle. 
Welding additional PVDF layers 
The CFRP-PVDF surface and both sides of the PVDF discs are cleaned with 
isopropanol and lint free wipes and left to air dry. To add an additional thickness of 
the PVDF layer PVDF discs are stacked at the transducer weld locations on the 
substrate. All of the substrates are prepared and then the discs are secured in 
position by the vacuum bag membrane (Figure 3.30). The substrates are welded 
under vacuum using the welding process parameters shown in Figure A.7.41.  
PZT disc surface preparation (PVDF coating) 
The PZT discs are prepared for PVDF coating by grinding the lower electrode 
surface with P1500 grade carborundum abrasive paper sitting on a flat glass plate. 
To expose fresh metal on the electrode surface the discs are ground using two 50 
mm long grind paths orientated at 90° angle to each other. Low pressure is applied 
to the disc to minimise the amount of material removed. At the changeover between 
the path orientations the surface is checked to monitor grinding uniformity. Once 
ground the PZT discs are ultrasonically washed and dried.  
Preparation of PVDF NMP dope 
A fresh batch of PVDF NMP dope is prepared prior to the manufacture of each group 
of test specimens. Prior to use the ADX PVDF powder used to make the dope is 
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oven dried at 80°C for 12 hours (Arkema, 2007), (p11). The 1:4 weight ratio of PDVF 
to NMP is prepared by heating the mixture to 50°C and stirring at 100 rpm for 2 
hours ((Bottino et al., 1991), p4). The mix is left for 24 hours in a sealed bottle at 
room temperature.  
Application of dope to PZT discs 
Ground and clean PZT discs are placed with the lower electrode surface facing 
upwards on glass microscope slides (Figure 3.33) which have a covering of self-
adhesive Teflon tape. The glass slides are used to make it easier to handle the 
coated discs. The PVDF dope fluid is transferred to the electrode surface by using a 
3 mm diameter rod to place a drop of solution at the centre of the disc. The rod is 
used to spread the liquid to the disc edge to ensure complete coverage of the 
electrode area, fluid is added and removed until the desired applied volume is 
achieved. 
Drying PVDF dope 
To dry the dope the covered discs and glass slides are placed onto an aluminium 
drying plate (210mm x 210mm x 1.6mm) and this is put into the oven which has 
been preheated to 190°C and removed after 15 minutes, the drying process 
parameters are shown in Figure A.7.40. The glass slides and discs are then 
transferred to a hot press for surface adhesion activation. 
Surface adhesion promotion 
The chemical bonding of the PVDF coating to the electrode surface is performed at a 
temperature of 265°C. A preheated hot press is used for this operation, the discs on 
the Teflon covered microscope slides are inserted between the platens which are 
spaced less than 1 cm apart. At the end of 15 minutes the samples are removed and 
allowed to air cool to room temperature. 
Welding PZT discs to CFRP-PVDF 
The discs PVDF surface and the CFRP-PVDF surface are cleaned with isopropanol 
and lint free wipes then allowed to air dry for 30 minutes prior to assembly. All 
CFRP-PVDF test substrates are assembled on an aluminium caul plate and vacuum 
bagged (similar to the welding of additional PVDF layers). The orientation and 
location of the transducer on the CFRP substrate is shown in Figure 3.29. The 
vacuum bag membrane holds the PZT discs in place during the welding process and 
it should form a symmetric seal around each disc.  
The bagged and vacuumed plate is inserted into an oven which has been preheated 
to 195°C and removed 30 minutes after the temperature of the samples has reached 
190°C. Vacuum is maintained throughout the welding process and until specimens 
have air cooled to room temperature. The treatment heating profile is shown in 
Figure A.7.41.  
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Adhesive Bonding PZT transducers 
The area on the CFRP surface to be bonded is ground using P320 grade 
carborundum abrasive paper to remove the surface gloss ((ASTMD2093-03, 2007), 
p142) and then cleaned with lint free wipes dampened with acetone and let air dry. 
The CFRP test specimen is placed on the grinding stabiliser with the welded PZT 
transducer sitting in the PZT disc locator (Figure 3.36). The substrate is aligned with 
the scribe marks on the gluing jig base (Figure 3.37). These marks are used to 
ensure the correct relative orientation of the PZT discs to each other. The PZT gluing 
jig top is added to the assembly and the spacing shims are inserted. 
The PZT disc is then prepared for bonding. A layer of 80 µm thick double sided 
adhesive pressure sensitive tape is used to hold the PZT disc to a copper adherend 
(from the static test samples). This holds the disc so that it can be ground and 
levelled with the clamp body surface. The bondline thickness between the disc and 
the CFRP is then able to be controlled using shims. A matched adherend and clamp 
body from the static tensile tests is cleaned and ground using the same process for 
static sample preparation.  
A disc (7 mm diameter) of the double sided adhesive tape is cut and attached to the 
adherend surface. A cleaned transducer is placed into a centring ring (Figure 
A.6.7.36) and this is then slid over the end of the adherend with the electrode in the 
correct orientation. The disc is then pressed down onto the tape so that a bond forms 
between the upper electrode surface and the adherend. The centring ring is then 
removed. 
 
Figure A.6.7.36. PZT centring ring 
 
Figure A.6.7.37. Temporarily attached PZT disc  
 
The clamp screws are loosened and the lower electrode surface of the disc is 
levelled with the clamp grinding surface by using the method outlined in the static 
test sample preparation section. Note that very light pressure is applied to the 
adherend to produce minimal offset of the PZT disc electrode surface from the clamp 
body surface. The electrode surface is then ground using two 50 mm paths 
PZT centring ring  
Adhesive tape  
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orientated at 90° to each other. The surface is checked at the changeover between 
the paths to observe the levelness of the temporary mounting and uniformity of the 
grinding process.  
The PZT disc adherend clamp body assembly is not able to be ultrasonically 
cleaned. To decontaminate the ground surface lint free wipes dampened with 
acetone are used to clean the electrode surface and sides of the PZT transducer. 
The cleaning process is repeated until no discoloration of the lint free wipes is 
observed. The assembly is then let air dry. 
Adhesive bonding process 
The volume of applied adhesive depends upon the required bond line thickness and 
is determined by a process of trial and error. The adhesive is applied to the electrode 
surface, whilst the PZT disc adherend clamp body assembly is weighed by the 
Ohaus weighing balance. The target weight of adhesive is achieved by first applying 
a drop of adhesive and then using an adhesive coated toothpick to add or remove 
small amounts of the glue. In cases where the required adhesive weight is too small 
to allow sufficient volume to cover the whole electrode surface via natural wetting the 
toothpick is used to evenly spread the adhesive.  
A second droplet of adhesive is placed onto the CFRP surface. Because of the jig 
setup and the need to bond cyanoacrylate quickly this was not able to be weighed 
for each sample. A droplet dispensing trial showed that the average mass of 
adhesive applied to the CFRP surface was 0.189 g (standard deviation of 1.99%) if 
the adhesive is dispensed by allowing one drop to detach from the nozzle and fall a 
short distance onto the CFRP surface.    
Once the adhesive is applied the PZT disc adherend clamp assembly is orientated 
and slowly lowered into the top of the gluing jig stopping before contact with the 
shims. This is to allow time for the two liquid interfaces to coalesce, to avoid loss of 
adhesive and to discourage the entrapment of air. Lowering is continued until contact 
with shims felt. At this point hand pressure is applied to the clamp body and held for 
30 seconds after which a centreless washer and two 0.8 kg weights are applied to 
hold the clamp body in position.  
The assembly is left to cure for 12 hours before the upper alignment jig is removed. 
The clamp body, shims and adherend remain in place on the substrate for an 
additional 12 hours after which these are removed and the upper surface of the PZT 
transducer cleaned with an acetone damped lint free wipe avoiding contact with the 
adhesive fillet. 
Wire connection  
Wire connection to the PZT electrodes is established by using 50 cm lengths of 
twisted pair Kynar® insulated 30 AWG wire. The wires are first secured to the CFRP 
gauge area using a combination of single and double sided adhesive tapes (Figure 
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3.41). Electrical connection between the wire and the PZT discs upper electrodes is 
formed by a silver based conductive ink (CircuitWorks® CW2200MTP) (RSC part 
number 496-243). The use of conductive paints for the establishment of electrical 
connections with PZT transducers was used successfully by Egusa and Iwasawa 
(1996), (p808), Brunner et al. (2009), (p1046), by Zhang (2004), (p368) for 
establishment of electrical contact with a piezoelectric 0-3 composite coating, and by 
Li et al. (2008), (p2) for the establishment of electrodes on sensing carbon multi 
walled nanotube film 
The ink is decanted from the manufacturer’s original packaging into a 5 mL bottle so 
that it can be applied as droplets dispensed using a toothpick that had been pre-
coated with the ink. 
Prior to being bonded the exposed wire and the PZT electrode surface are lightly 
abraded with P1500 grade carborundum abrasive paper and cleaned with acetone 
and lint free wipes. A small 90° angle bend, 2 mm from the wire end is formed 
(Figure 3.4) the bend is used to improve the wires pull-out resistance from the dried 
ink. The conductive ink is applied and left to cure at room temperature for 24 hours.  
Circuit check 
Once cured the electrical connectivity between the discs electrodes and the Kynar 
wiring is checked with a DMM. If a circuit shows a resistance greater than the value 
obtained for DMM probe connection directly to both ends of the wire, the wire is 
removed from the transducer, the surfaces re-cleaned and the wire connection 
process repeated. 
Attachment of temperature measuring sensor  
The Pt100 thin film resistor (RSC part number 666-7359) was secured using 
adhesive tape. A single strip of double sided tape (30mm x 80 µm x 12.5 mm) with a 
3.5 mm diameter hole cut in the middle is applied to the non PVDF side of the test 
gauge area. A thin layer of thermal transfer paste (Unick® Silicone Heat Transfer 
Compound) is applied to the CFRP through the hole and the Pt100 is pressed onto 
the tape such that the Pt100’s pad area contacts with the thermal paste. Single sided 
tape is used to secure the Pt100 pad and its cabling. A second non-attached Pt100 
probe was used to measure room temperature in the vicinity of the test substrate 
(Figure A.6.7.38).  
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Figure A.6.7.38. Temperature measuring sensors 
  
Chemical etching of copper electrode pads 
The etching of the copper electrode pad shape is performed using a positive mask 
pattern and an ammonium persulphate solution. The metal foil surface is prepared 
as per the recommendations in (Electrolube, 2003), (p2) before a thin coating of 
Electrolube® PRP positive photoresist (RSC part number 198-9651) is applied and 
dried.   
The positive etch pattern can be made by using SolidWorks® (CAD) software and 
printing the pattern onto overhead transparency sheet using a laser printer. The 
pattern is transferred to the photoresist by placing the mask and the photoresist 
coated foil on a clear glass plate and exposing these to ultraviolet (UV) light from a 
15 Watt UV fluorescent light tube for 15 minutes. A solution of Electrolube® PDN 
positive photoresist developer (E14 part number 130-540) is used to develop the 
photoresist (Electrolube, 1997), (p1). 
The foils are etched in an air agitated and electrically heated (65°C) solution of 
ammonium persulphate (1 part ammonium persulphate (greater than 99 weight % 
(MGChemicals, 2010), (p1) and 5 parts demineralised water). After etching the 
copper pads are washed in running water to remove traces of etch solution and dried 
by blotting with paper towel. These are then further cleaned by ultrasonic acetone 
washing to remove the photoresist layer. 
 
 
Surface attached 
Pt100 thin film 
resistor  
Air 
temperature 
measuring 
Pt100 probe  
254 
 
Preparation of spacing shims 
Spacing shims were manufactured from brass foil, aluminium foil, and polyimide.  
The first brass shims are produced by cutting stacked foil sheets with a water jet 
cutter. This process was found to produce edge deformation (burring) on the shims 
similar to that produced by metal shears. This defect altered the effective thickness 
of the shim material and was not able to be removed without damaging the shims. 
To solve this problem the chemical etching process described for production of the 
copper electrode pads was used to chemically ‘cut’ the shim profile needed and 
produce useable brass shims (Figure 3.23). For the other materials the shims were 
cut by hand using a scalpel using a brass shim as a cutting template, for these edge 
deformation was not significant.    
Sample disassembly 
To remove the PZT discs from the CFRP substrate the post-test specimens were 
placed in an oven which is preheated to 190°C. The substrates are left to equalise at 
that temperature for 15 minutes before being removed individually from the oven. 
The cyanoacrylate bonded disc is removed first and then the PVDF welded disc is 
removed. Wooden spatulas (one with a 90° notch, one with flat edge (Figure 
A.6.7.39)) are used to capture and control the PZT discs whilst pushing them off the 
substrate. 
 
Figure A.6.7.39. Post-test PZT disc removal spatulas 
 
Removing PVDF from transducer surfaces 
To remove the PVDF from the coated transducers, the discs are placed in a bottle 
containing NMP and then sealed. The material is heated to 80°C and stirred with a 
magnetic stirrer at 40 rpm for 4 hours. This softens the PVDF layer allowing the 
majority of it to be wiped off with a paper towel. The thin layer of PVDF remaining on 
the surface of the PZT electrode is removed using a pencil eraser applied with light 
pressure. The discs are then washed in acetone and air dried. 
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Removing cyanoacrylate from transducer surfaces 
Decontamination of cyanoacrylate bonded PZT discs is achieved by soaking the 
discs in acetone. This softens excess cyanoacrylate allowing it to be wiped off with a 
paper towel. The discs are then washed in clean acetone using an ultrasonic bath for 
4 minutes followed by an acetone rinse. The transducers then let air dry on lint free 
cloth. 
This process is also used to remove conductive ink from the upper electrode 
surfaces of the PZT discs.  
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A.7 Thermal treatments data 
This section contains the heating profiles used during the preparation of samples. 
These are: 
 ADX dope drying. 
 PVDF disc and ADX PZT disc welding. 
 Hysol EA9390 DSC cure curve. 
 Hysol EA9390 low temperature cure. 
ADX dope drying  
Prepared samples are placed into an oven which has been preheated to 190°C. 
Note: Temperature data ends when specimens removed from heat source and 
bench air cooled. 
 
Figure A.7.40. Drying profile for ADX dope  
 
PVDF disc and ADX PZT welding 
Prepared samples are placed into an oven which has been preheated to 195°C. 
Note that the temperature data ends when the specimens removed from the heat 
source.  
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Figure A.7.41. PVDF discs and ADX PZT welding profile  
 
Hysol EA9390 DSC cure curve 
 
Figure A.7.42. Hysol EA9390 DSC 70°C curve 
0
50
100
150
200
250
0 10 20 30 40 50 60 70 80
T
e
m
p
e
ra
tu
re
 (
°C
) 
Time (minutes) 
Average
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
0 100 200 300 400
H
e
a
t 
fl
u
x
 (
m
W
) 
Time (minutes)  
Hysol
EA9390
258 
 
Hysol EA9390 low temperature cure 
Cure cycle parameters. 
Cure starts at room temperature using an oven temperature ramp of 0.2°C per 
minute until a temperature of 70°C is reached. This is followed by a dwell period of 4 
hours at this temperature before samples are left to oven cool at an average cooling 
rate of less than 0.1°C per minute. 
 
Figure A.7.43. Hysol EA9390 70°C cure cycle 
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